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ABSTRACT
Five Thailand soils belonging to the Rangsit Very Acid (Rsa), 
Rangsit (Rs), Mahaphot (Ma), Bang Pakong (Bg), and Bangkok (Bk) 
series were employed in redox-pH-ion chemistry studies. The first 
three soils are acid sulfate soils in the Sulfic Tropaquept subgroup, 
the fourth soil is a potential acid sulfate soil in the Typic 
Sulfaquent subgroup, and the fifth soil is a non-acid marine soil in 
the Typic Tropaquept subgroup.
Decreases in soil redox potential upon submergence were rela­
tively slower and less intense in the acid sulfate soils than in the 
non-acid marine soil. Among the acid sulfate soils, the Rsa soil was 
most sluggish with respect to decreases in redox potential. Addition 
of organic matter or liming in combination with submergence accel­
erated decreases in redox potential in the flooded Rsa soil as well 
as in the other acid sulfate soils to the point of sulfide formation.
With submergence alone, increases in soil pH of more than 0.5 
units were unlikely. Submergence in conjunction with added organic 
matter caused the soil pH to increase substantially ( >1 pH unit).
Soluble and extractable Fe in all soils was inversely related to 
soil redox potential and pH. The ratio of soluble Fe3* to total solu­
ble Fe or the ratio of extractable Fe3+ to total extractable Fe ob­
served in the Rsa and Bg soils was positively related to soil redox 
potential and pH. At an intermediate redox range, the Eh/pH slopes 
observed in all soils were close to -177 mV, the theoretical value of 
Fe3+-Fe(III) oxide redox system (governing Fe3+ activities and redox 
equilibria). The critical redox potentials of the Rs, Rsa, Bg, Ma,
xxli
and Bk were observed at pe + pH of 11.23, 12.57, 12.92, 7.69, and 
10.13 , respectively. Added organic matter enhanced iron reduction 
and accelerated the formation of insoluble reduced iron. Liming 
caused a decrease in soluble Fe.
Soluble Mn in all soils was inversely related to soil redox 
potential and pH. Soluble Mn was relatively low in the Rsa, Rs, and 
Bk and relatively high in the Ma and Bg soils ( ~ 300 mg kg 1). 
Organic matter added did not significantly affect soluble Mn in the 
soils. Liming decreased Mn availability in all soils.
Redox potential affected soluble Mn, Al, and Si similarly, that 
is, soluble Mn, Al, and Si increased upon soil oxidation throughout 
the Red ■+ Ox half cycle. Upon soil re-reduction (Ox -*• Red), soluble 
Mn, Al, and Si further increased and attained a peak at an intermedi­
ate redox potential prior to declining thereafter.
xxiii
PREFACE
In 1980 Dr. William H. Patrick, Jr., Boyd Professor and Director 
of the Laboratory for Wetland Soils and Sediments, LSU, visited 
Thailand. As a result of discussions between him and Thai scientists, 
a collaborative project was initiated "Redox-pH Chemistry of Acid 
Sulfate Soils". The budget was subsidized mainly by USAID and partly 
by the Rockefeller Foundation. The project started in 1981. There 
have been three organizations in Thailand, namely, Department of 
Agriculture, Department of Land Development, and Kasetsart University 
together with the Laboratory for Wetland Soils and Sediments (LWSS) 
of LSU, taking part in the project. Under this project four Thai 
researchers have received grants to learn advanced techniques in 
wetland soil chemistry at LSU and to conduct experiments on acid 
sulfate soils at LWSS. Another two Thai graduates have received 
assistantships to pursue Ph.D.'s in the Agronomy Department and to 
conduct research on the chemistry of acid sulfate soils in Thailand. 
One of them is the author. In Thailand, the project has also set up 
laboratory facilities for basic studies of the pH and redox chemistry 
of acid sulfate soils. These facilities have been used by Thai 
scientists and also by an American, LSU, Ph.D. student who received a 
one-year grant from the Fulbright Foundation to work on this project. 
This project will greatly advance the management practices of acid 
sulfate soils in Thailand and elsewhere because of the development 




Of the total 12.5 million hectares of reported actual and poten­
tial acid sulfate soils of the world (FAO/UNESCO, 1971, 1979), 1.5 
million hectares occur in Thailand. Among these, 0.9 million hectares 
are located in the Bangkok Plain and the rest are scattered along the 
Southeast Coast and the Southern Penninsula of Thailand (Pons and van 
der Kivie, 1969).
Acid sulfate soils are coastal soils with seasonal flooding, thus 
the soils are mainly used for rice cultivation. Because of high 
acidity and toxic substances, the soils are rated from low to very low 
in productivity. The average rice yield is as low as 1.0 to 1.5 tons 
per hectares as compared to 1.8 to 2.5 tons per hectares obtained from 
the non-acid marine and the riverine soils nearby (Fukui, 1973).
Acid sulfate soils are characterized by more potentially acidic 
pyritic material than the acid neutralizing adsorbed base and easily 
weatherable minerals can neutralize. When the soils are. drained and 
aerated, pyrite will be oxidized to sulfuric acid and the soils are 
acidified. As a result, the pH drops below 4. In this situation, 
hydrogen ions, aluminum, iron, manganese, and organic acids can accu­
mulate to levels toxic to plants. Therefore, rice is unlikely to grow 
unless the soils are previously ameliorated. An extremely low pH (3.0) 
at the surface layer denotes young acid sulfate soils. This type of 
soil (sulfaquept) has been found in large areas in some countries such 
as Vietnam (Tram and Pham, 1975), Cambodia (UNESCO, 1974), etc.
1
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As these soils age, characteristic mineral compounds are formed.
The important compounds found in the developed acid sulfate soils are 
jarosite, alunite, goethite, hematite, ferric hydroxide, gypsum, and 
pyrite. Because these soils contain neutralizable base and the stepwise 
potentially reserved acidic substances (e.g. jarosite), pH in these 
soils appeared to be maintained at about 4.0. The more mature these 
soils are, the deeper the jarositic and the pyritic horizons will be, 
resulting in surface soils with higher pH's. At this stage, however, 
the soil conditions are very adverse to plants, and the yields are 
still low.
In Thailand, the farmers and government officials have long tried 
to raise the productivity of acid sulfate soils. One of the most wild­
ly used management strategies for the improvement of these soils is 
liming. Since a large quantity of marl has been found at a shallow 
depth nearby, liming has been recommended. Because of various proper­
ties among acid sulfate soils and the variation due to land use, some 
investigators have obtained positive results but others have got none 
or even negative results with lime. There has been much controversy 
about this practice to date.
Leaching and submergence have also been found promising for 
ameliorating acid sulfate soils. Leaching is usually manipulated after 
the soil has been exposed to oxidation and after subsequent flooding in 
order to dissolve toxic substances. Natural leaching by rainfall is 
preferred to artificial leaching because of the problems of water re­
sources and expenses.
Submergence induces reduction processes caused by an insufficeint 
supply of oxygen. Reduction causes numerous changes in the chemical,
physicochemical, and microbiological properties of a soil. For in­
stance, reduction decreases redox potential, dissolved aluminum, and 
dissolved sulfate and increases pH, available iron, manganese, 
phosphorus, sulfide, and organic acids. In contrast to submergence, 
drainage brings about oxidation and the reverse processes take place.
Even though redox potential plays the dominant role in the solu­
tion chemistry of submerged soils, pH is a very important parameter, 
especially in acid sulfate soils. Both pH and Eh have a marked effect 
on solubility or stability and activities of a number of soil compo­
nents; and the combined effect of these two physicochemical parameters 
can cause a large release of potentially toxic soil components, such as 
Fe2+, Als+, and HgS. This is much more likely to occur in acid sulfate 
soils than in soils that do not contain significant quantities of 
pyrite. Therefore, the effective management of acid sulfate soils can 
not occur unless the redox, pH, and ion chemistry are better understood. 
A better understanding of the roles of these parameters in controlling 
the activities of soil constituents will make it possible to develop 
more effective management strategies for these problem soils.
A review of papers presented at the International Symposium on 
Acid Sulfate Soils, which was held for the first time in the 
Netherlands in 1972 (Dost, 1973), the second time in Thailand and 
Malaysia in 1981 (Dost, 1981), and the third time in Senegal in 1986 
(in press), revealed that most research dealt with the identification, 
mapping, and the pH and metal ion chemistry of acid sulfate soils.
No detailed studies have been made on the redox chemistry. The parti­
cipants in these symposia recognized that one of the major limitations 
in the utilization and management of these soils is a lack of under­
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standing of chemical and microbial processes in these soils that con­
trol the release and sorption of their chemical constituents. To ad­
vance the basic science of soil chemistry, to aid Thailand in solving 
problems on cultivated acid sulfate soils, and to respond to the needs 
recognized by the symposia, the Redox Chemistry of Acid Sulfate Soils 
LSU-Thailand Joint Project was established in 1981.
This dissertation is a part of this project research. The purpose 
is to investigate the redox and pH chemistry that effect ion chemistry 
on some class-representative acid sulfate soils in Thailand.
CHAPTER 2
Genesis, Chemistry, and Rice Production of
Acid Sulfate Soils
2.1 Physiographic Features of Acid-Sulfate Land in Thailand
Thailand is situated between 5° and 21°N Lat, and between 97° and 
106°E Long, and covers about 5.14 x 10s km2. Physiographically the 
country is subdivided into six regions (Fig. 1 ).
Of the total area of approximately 1.5 million hectares of acid 
sulfate soils present in Thailand, 0.9 million hectares are located in 
the Bangkok plain and the rest is scattered along the Southeast coast 
and the East Coast of the Southern Penninsula. In the Bangkok Plain, 
the time of deposition of the parent sediment of acid sulfate soils was 
estimated to be from 2 500 to 3 000 years B.P. in the southern part and 
from 5 000 to 6 000 years B.P. in the northern part (Pons and van der 
Kevie, 1969).
Acid sulfate soils occur mostly in the Bangkok Plain; hereby the 
physiographic features of this region will be described briefly.
Takaya (1971) divided the Bangkok Plain into three subregions (Fig.
2): Old Delta, New Delta, and Fan Complex Area.
The Old Delta is the area located from the northern part of 
Chainat Province to the northern part of Ayutthaya Province. The area 
of this subregion is 5 900 km2. The elevation above mean sea level is 
20 m near the apex and 5 m near the arc. The soils are derived from 
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Fig. 1. Map showing the main physiographic regions of
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Fig. 2. Area of different physiographic regions in the
Southern Central Plain (after Vacharotayan, 1977)
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ments, some of which are potential acid sulfate parent materials.
The New Delta is comprised of two types of areas:
(1) Deltaic High This area occupies about 2 000 km2. The 
elevation is from 3.5 to 5 m above the mean sea level. The 
plains are the location of the Bangkok Metropolitan Area and 
some other provinces southeastwards. Soils are of non 
acid-sulfate marine deposit origin.
(2) Delta Flat This area has lower elevation than the Deltaic 
High. It is about 1 to 2 m above the mean sea level, and
during the rainy season the land will occasionally be inun­
dated. The area comprises 11 000 km2, of which 80% or 8 000 
km2 is composed of acid sulfate soils (van Breemen, 1976).
The Fan Complex Area develops, forming piedmont topography, along 
the marginal parts of the Bangkok Plain, where the Plain proper merges 
with the mountain ranges. The total area is estimated to be 18 000 km2.
2.2 Occurrence of Acid Sulfate Soils in the World
Acid sulfate soils occur in all climatic zones of the earth with 
the majority of them being located in relatively recent coastal marine 
sediments. However, sulfidic materials which produce acid sulfates on 
oxidation are not limited to coastal regions. They are often associated 
with inland pyritic material such as lignite. When such materials are 
brought to the surface through mining or other activities, sulfuric 
acid will be produced. Unfortunately, no detailed report on the upland 
acid sulfate soil acreage in the world is available. However, the 
upland acid sulfate soils have reportedly been found in the Netherlands
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(Poelman, 1973; van Wallenburg, 1973), Java (in a review by Chenery,
1954), Russia (Chenery, 1954), Uganda (Chenery, 1954), Germany (Buurman 
et al.,1973), British Columbia, Canada (Clark et al., 1961), Alberta,
Canada (Pawluk and Dudas, 1978), and North Carolina, (Furbish, 1963) 
and many other states in the United States.
From the FAO/UNESCO Soil Map of the World (1971-1979), it is 
estimated that there is a total area of 12.5 million hectares of 
lowland acid sulfate soils. Among these 6.7, 3.7, 2.1, and 0.1 million 
hectares occur in Asia and the Far East , Africa, Latin America, and 
North America, respectively (Beek, et al., 1980).
2.3 Distribution and Classification of Acid Sulfate Soils in Southeast 
and East Asia.
Distribution and classification of acid sulfate soils in Southeast 
and East Asia are depicted in Table 1 (van Breemen, 1978). More than 
two thirds of the total acid sulfate soils are situated in Southeast 
Asia.
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Table 1. Distribution of acid sulfate soils Aft Southeast and Last Asia,
A tea ftelia-











































highly organic Sulfaquepts, partly 
(26,000 ha) affected by salinity 
Sulfaquents
awinly highly organic Sulfaquents end 
Sulfaquepts end Sulf ibenl'sts 
mainly Sulfaquepts?
Sulfaquepts, Sulfic Hsplequepts
potentially a d d  shallow sea bottom
highly organic Sulfaquepts and Sulfaquepts 
perhaps also Sulfiheaists 
mangrove marshes acidified due to 
lobster swunds
Sulfic Tropaquepts, Sulfaquepts, highly 
organic Sulfaquepts 
Sulfic Haplaquepts, Sulfaquents
Sulfic Tropaquepts (550,000 ha)
Sulfaquents (±10,000 ha), 6ulfaquepts 
(50,000 ha)
Sulfaquepts, Sulfaquents 
Sulfaquepts, partly high organic
mainly Sulfaquepts (partly highly organic), 
smaller areas of Sulfic Tropaquepts 
and highly organic Sulfaquents
a * r e l i a b i l i t y  he c t  a rage e s t im a te :  -  = p o o r ,  + = f a i r ,  ++ = good;
b = g ro s s  e s t i m a t e s .
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2.4 Definition of Acid Sulfate Soils
The definition given to "Acid Sulfate Soils" by Pons (1972) refers 
to all materials and soils in which, as a result of soil formation 
processes, sulfuric acid either will be produced, is being produced or 
has been produced in amounts that have a lasting effect on main soil 
characteristics. Traditionally, the expression "acid sulfate soils" is 
often used in a narrow sense for soils with "cat clay". The cat clay 
phenomenon is a combination of conspicuous straw-yellow jarositic 
mottles and a very low pH which causes severe problems in agriculture.
Brinkman and Pons (1973) categorized acid sulfate soils into 
three groups and defined the soil in each group as the following:
A potential acid sulfate soil or material is a soil or reduced
parent material which is expected by the person identifying it to 
become an acid sulfate soil or material upon drainage and oxidation 
under certain defined future field conditions.
An (actual) acid sulfate soil is a soil with one or more horizons
consisting of (actual) acid sulfate materials, i.e., materials contain­
ing soluble acid aluminum and ferric sulfates in concentrations toxic 
to most common dry-land crops. Such materials have high proportions of 
exchangeable aluminum, pH (in water) below 4, and may have characteris­
tically pale yellow mottles by basic sulfates of iron, potassium iron 
or sodium iron sulfates. Some have white mottles of aluminum sulfates.
A pseudo-acid (or para) sulfate soil contains one or more horizons 
with characteristic yellow mottling (basic iron sulfates) that is 
commonly associated with acid sulfate conditions. This soil does not 
have a pH below 4 and does not contain free acids or more than about 
60% exchangeable aluminum.
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2.5 Genesis of Acid Sulfate Soils
Genesis of acid sulfate soils is composed of two main processes: 
a geogenetic process and a pedogenetic process. The geogenetic process 
deals with the formation of pyrite and is termed sulfidization whereas 
the pedogenetic process involves oxidation of pyrite and is termed 
sulfuricization (Pons and van der Kevie, 1969).
2.5.1 Geogenetic Process
In the coastal area close to the estuarine environment the accre­
tion of sediment takes place under the influences of brackish and marine 
water. Later, when the sediments are piled high enough, and when the 
influence of tidal action decreases due to the subsidence of the mean 
sea level, some telmatophytic plants such as Rhizophora, Avicennia, 
and some other species are able to grow. With the continued flushing 
of the marine or brackish tide which supply dissolved sulfate, limit 
aeration, and carry away the carbonate produced, and with the supplemen­
tary organic matter from the plants, the secondary pyrite forms slowly 
and gradually accummulates (van Breemen, 1973a). If the conditions 
suited for pyrite formation and accummulation are prolonged, the pyrite 
content in the soil might be as high as 1 0% of the mass of the soil 
(van Breemen and Pons, 1978). Pons and Kevie (1969) found 160 to 225 
meq S0| per 100 g of soil from air-exposed pyrite obtained from abso­
lutely non-oxidized pyrite substratum in acid sulfate soils of the 
Bangkok Plain, Thailand.
Pons et al. (1979) summarized the conditions that are optimal for 
pyrite accumulation in many parts of the world: Intertidal environments
with mangroves or reeds are particularly favorable for pyritization of
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ferric iron. Highest pyrite content build up where tidal flushing is 
strong. Rapid rises in relative sea level, as after the last glaciation, 
caused deposition of extensive, thick and highly pyritic sediments 
(examples: interior parts of the Chao Phraya, Mekong and Orinoco deltas, 
parts of Sumatra, old sea clay of Holland). After stabilization of the 
sea level, some 5 000 years B.P., pyrite contents remained low where 
high rates of sedimentation and coastal accretion caused a rapid shift 
of the intertidal zone (Irrawaddy and Mekong deltas, Guyana coast).
High pyrite contents in the most recent sediments are associated with 
low sedimentation rates (e.g., along the Saigon, Niger, and Gambia 
rivers), or with a high density of tidal creeks. In humid climates, 
very low sedimentation rates result in the formation of pyritic peaty 
material on top of older pyritic clay (e.g. the Niger delta and western 
Netherlands).
The essential factors for the accumulation of pyrite as summarized 
by Pons and van Breemen (1981) are:
1) sulfate, continuously supplied over an appreciable period 
(e.g., from sea water);
2 ) iron-containing minerals present in the sediments;
3) metabolizable organic matter (CH^O);
4) sulfate-reducing bacteria, which are practically always present;
5) an anaerobic environment;
6 ) limited aeration for oxidation of all sulfide to disulfide 
(and/or sulfide to elemental S).
Sulfate is abundant in seawater, thus it will not be a limiting 
factor in pyrite accumulation. The sulfate reducing bacteria in the 
genera Desulfovibrio and Desulfotomaculum are known to be ubiquitous
1A
in marine environments. The clayey sediments of most tidal swamps 
contain sufficient fine-grained iron oxide for the formation of 2 -6% 
pyrite, but iron could be limiting where the soil or sediment is peaty 
or mainly quartz sand. In tropical seas, suspended sediment is normally 
too low in organic matter for appreciable formation of sedimentary 
pyrite. However, the dense mangrove vegetation on tropical tidal 
marshes can supply abundant organic matter. Thus, in mangrove swamps, 
most of the ingredients for pyrite formation are supplied; and limited 
aeration will take place depending on tidal influence on soil hydrology.
Another factor involving pyrite accumulation is the removal rate 
of bicarbonate from the sediment by active tidal action. Potential 
acidity can develop only if at least a part of the alkalinity in the 
form of bicarbonate formed during sulfate reduction, is removed from 
the system. This requires leaching of the interstitial solution.
Leaching is strongly favored by tidal action and may further accelerate 
pyrite formation by breaking up diffusion-controlled rate-limiting 
processes and by supplying dissolved oxygen as well as sulfate from 
sea water. Removal of HCO3 also tends to depress the pH, causing 
slightly acid conditions which favor pyrite formation kinetically.
Mechanism of Pyrite Formation
According to Pons, et al. (1982), the formation of pyrite (cubic 
FeS2 ) requires (1 ) the reduction of sulfate to sulfide under the 
influence of dissimilatory sulfate-reducing bacteria in an anaerobic 
environment; (2 ) the partial oxidation of sulfide to polysulfide or 
elemental sulfur; and (3) either formation of Fe(II)-monosulfide (from 
Fe(III)-oxides or Fe-containing silicates and dissolved sulfide)
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followed by combination of elemental sulfur and Fe(II)-monosulfide to 
pyrite, or direct precipitation of pyrite from dissolved Fe(II) iron 
and polysulfide ions (Roberts et al., 1969; Goldhaber and Kaplan,
1974). Whatever the mechanism, formation of pyrite with Fe(III)-oxide 
as the source of iron will take place according to the following 
overall reaction equation (CH2O stands for organic matter):
FegOaCs) + 4S0| (aq) + 8 CH2O + ^ 2 (8 ) *
2FeS2 (s) + 8HC0a(aq) + 4H20 [1]
This overall reaction includes reduction of all sulfate to sulfide.
Dissolved sulfide reacts rapidly with dissolved ferrous iron or 
with ferric oxide to form black ferrous sulfide, which is amorphous 
to X-ray diffraction or gives broad lines of mackinawite (tetragonal 
FeS). In the presence of oxidants such as O2 or ferric iron, part of 
the dissolved or solid sulfide can be oxidized to elemental S. Elemen­
tal S reacts with dissolved sulfide to form aqueous polysulfide, which 
in turn reacts with FeS to form pyrite, FeS2 , either directly or with 
greigite (cubic FesS^ as an intermediate (Rickard, 1973). The pathway 
involving greigite, which apparently requires atmospheric oxygen, 
yields framboidal pyrite; whereas the other reaction, in the absence 
of oxygen, gives non-framboidal pyrite (Rickard, 1975; Sweeny and 
Kaplan, 1973). The carbonate alkalinity formed by this process is 
either removed by diffusion or leaching, or is retained by precipita­
tion of CaCOj (Hardan, 1972). The interstitial water of marine muds 
associated with sulfate reduction is often highly supersaturated with 
calcite, possibly because dissolved organic compounds inhibit crys­
tallization (Berner, 1971). The alkalinity is carried away, leading 
to a separation of the potentially acid material (pyritic mud) and
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actual alkalinity (HCO3 ), which is mainly absorbed by the vast mass 
of the oceans. This process is the crucial step that is ultimately 
responsible for the formation of acid sulfate soils.
Little is known about the rate of pyrite formation in situ. It 
is generally agreed that the solid-solid reaction (FeS + S ■* FeS2 ) is 
kinetically favored by a low pH (Rickard, 1975; Goldhaber and Kaplan, 
1974). Three forms of pyrite are distinguished by Pons (1963): primary,
secondary and tertiary pyrite. Primary pyrite or synsedimentary 
pyrite is of geogenetical origin and consists of the synsedimentary 
allochthonic part of the pyrite and the autochthonic pyrite associated 
with the synsedimentary part of the organic matter. The secondary 
pyrite is formed during and after the last phase of sedimentation when 
autochthonic organic matter originating from the vegetation is used for 
sulfate reduction. The secondary pyrite can be considered as a compo­
nent of mixed geogenetical and pedogenetical origin, and is formed be­
fore and during complete ripening of the soil. The tertiary pyrite is 
formed when ripening of the soil has terminated, and the soil has been 
subjected to renewed inundations with saline or brackish water. Typical 
for the primary pyrite, is the rather homogeneous distribution of rela­
tively small pyrite aggregates. Secondary and tertiary pyrite are 
always heterogeneously distributed and form larger aggregates which are 
always closely associated with organic tissues. Microscopically, the 
secondary and tertiary forms are hardly distinguishable.
In acid sulfate soils the form of pyrite is mainly secondary 
pyrite and only small amounts are primary and tertiary pyrite. The 
other forms of reduced-sulfidic compounds, for example, acid-volatile 
sulfides such as mackinawite, greigite, the intermediate metastable
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iron sulfides, are insignificant components in acid sulfate soils.
Pyrite is the major end product of sulfur diagenesis in the soils: an 
abundance of up to 1 0% is not uncommon; whereas, ferrous monosulfide 
concentration seldom exceeds 1 0 0 - 2 0 0 ppm, i.e., it comprises less than 
0.01% (Broomfield, 1972) and rarely exceeds 0.6% even in highly black­
ened, reduced mud (Berner, 1971). No ferrous monosulfide could be de­
tected in potentially acid subsoils from Thailand (van Breemen, 1973a).
2.5.2 Pedogenetic Process
This process involves profile development. Since a conspicuous 
feature of an acid sulfate soil is the excess of the potential acidity 
over neutralizing capacity of bases, the pedogenetic process is mainly 
implicated in (1 ) pyrite oxidation; (2 ) neutralization of acidity; and
(3) formation of the products resulting from oxidation and neutraliza­
tion. The pedogenetic process starts taking place when the geogenetic 
process is terminated; that is, when the land has elevation is high 
enough to lessen the influence of tidal action that brings about the 
anaerobiosis. The elevation of the land, relative to the mean sea level, 
may be caused by either an increase aggradation of the sediment, a re­
treat of the seawater, or a tectonic uplift of the land (van Breemen,
1978). When the land has better drainage and aeration in some seasons 
of the year, the soil starts ripening. Pons and van der Kevie (1969) 
designated the term "ripening", and separated it into three processes: 
physical ripening, chemical ripening, and biological ripening.
Physical ripening involves the loss of soil moisture by evapo- 
transpiration and percolation. That helps bring about more aeration 
and increases soil consistency. Chemical ripening refers to oxidation
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of low oxidation-state components, neutralization of acidity by absorb­
ed bases, breakdown of minerals, and formation of distinctive compounds 
such as jarosite, alunite, goethite, hematite, etc. in the profile. 
Biological ripening takes place concurrently with other processes. The 
chemical reactions will be accelerated many fold if microorganisms par­
ticipate in the reactions.
2.5.2.1 Pyrite Oxidation
Appreciable aeration of potential acid sulfate soils and subsequent 
acidification starts only after the water table stays below the upper 
part of the pyritic zone for several weeks. A prerequisite for such 
drainage is decreased tidal influence. This is brought about by either 
gradually by natural processes (coastal accretion or a relative decrease 
in sea level or by tectonic uplift) or more abruptly by empoldering. In 
many of the mangrove areas in Southeast Asia still under the tidal in­
fluence, acidification takes place in material from the subsoil brought 
to the surface by the mound building mud lobster, Thalassina anomale 
(Andriesse et al., 1972).
Pyrite is stable only at low Eh, i.e., under reduced conditions, 
and will be oxidized in oxygenated environments. Under natural condi­
tions, dissolved aqueous oxygen attacks pyrite only slowly at first, 
yielding ferrous iron and elemental sulfur:
FeS*, + kp2 + 2H+ ■> Fe2+ + 2S + H20 [2]
Further oxidation of elemental S to sulfate or sulfuric acid with 0* 
as oxidant is an even slower process:
2S + lhOz + HjjO -► SOr + 2H+ [3]
It is likely that equations [2] and [3] are strictly chemical reactions
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because the pH is near or above neutral, and is not suitable for 
Thio-and Ferroorganisms. However, Hart (1959) reported that 
Thiobacillus thiooxidans can oxidize elemental S to sulfate under these 
conditions. Thiobacillus bacteria grow optimally at pH 2 to 3.5 
(Alexander, 1961; Nordstorm, 1979) although they can survive at pH 
levels as high as 6 and 7 (Nordstorm, 1979). Whether chemical or bio­
chemical, the reaction [3] takes place in acid sulfate soils and causes 
an increase in acidity. The ferrous iron in reaction [2] can be further 
oxidized chemically or biochemically to ferric iron. It was noted that 
Thiobacillus ferrooxidans can grow optimally between pH 2.5 and 5.8 
(Goldhabor and Kaplan, 1974). If the pH is high (>4), ferrous iron
will be oxidized and precipitated to ferric hydroxide as follows:
Fe2+ + 3H*0 -> Fe(OH)* + 3H+ + e- [4]
If the pH is low enough (<4), the Fe3+ ions will still be in a dissolved 
form after oxidation:
Fe2+ ■+ Fe3+ + e- (5]
Dissolved ferric ions in reaction [5], on the other hand, react 
rapidly with pyrite according to:
FeS* + 2Fe3+ -> 3Fe2+ + 2S [6 ]
Under most experimental conditions, further oxidation of elemental S
is virtually instantaneous according to
2S + 12Fe3+ + 8H* 0 -> 12Fe2+ + 2S0i" + 16H+ [7]
The combination of reactions [6 ] and [7] yields:
FeS* + l4Fe3+ + 8H*0 ■> 15Fe2+ + 2S0i" + 16H+ [8 ]
Because ferric iron is appreciably soluble only at low pH (<4), 
reactions [6 ], [7], and [8 ] are limited to acid environments. In the 
presence of oxygen, the dissolved ferrous iron produced by these
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reactions can be further oxidized to ferric iron, and pyrite oxidation 
can continue. But there is a kinetic restriction: at low pH the
oxidation rate of Fe2+ by 0^ is slow. However, T. ferrooxidans and 
Ferrobacillus ferrooxidans which are acidophilic can overcome this 
barrier, thereby promoting pyrite oxidation (Singer and Stumm, 1970).
Pyrite is oxidized more rapidly by ferric iron than by oxygen, if 
the pH of the soil is low enough. When the pH decreases to 4.5, ferric 
iron becomes more soluble and begins to act as an oxidizing agent, and 
below a pH of 3.0 it is the only important oxidizer of pyrite. The 
presence or absence of oxygen makes no difference to the oxidation 
rate by ferric iron (Singer and Stumm, 1969). Since pyrite can reduce 
ferric ion to ferrous faster than ferrous can be regenerated into 
ferric by oxygen, the pyrite will simply reduce all the ferric ions 
and then the reaction will stop. The ferrous to ferric oxidation has 
been called the rate-determining step in the production of acid mine 
drainage (Singer and Stumm, 1970). One of the strongest catalysts of 
this reaction is the iron-oxidizing bacteria, T. ferrooxidans, which 
are known to increase the ferrous oxidation rate by five to six orders 
of magnitude (Lacey and Lawson, 1970; Singer and Stumm, 1970; Nordstrom,
1976). This increase makes the ferrous oxidation rate, in the presence 
of the bacteria, comparable or slightly greater than the pyrite oxida­
tion by ferric iron and thereby makes pyrite oxidation a rapid self- 
perpetuating process.
Pyrite oxidation in situ is usually much slower due to rate limit­
ing diffusion of oxygen into the wet pyrite subtratum (Rasmussen, 1961; 
van Breemen, 1973a; De Richmond et al., 1975). Pons (1960) noted that 
pyrite in sediment rich in calcium carbonate is oxidized very slowly,
21
disappearing over a period of centuries; but that in acid soils almost 
all of the pyrite is oxidized rapidly, with exception of a very small 
amount that remains almost indefinitely.
Complete oxidation and hydrolysis of iron to ferric oxide yields 
2 moles of sulfuric acid per mole of pyrite:
FeS* + 15/40* + 7/2H*0 ■* Fe(OH)* + 2S0r + 4H+ [9]
The term sulfuricization has been used to denote these acidification 
processes (Fanning, 1978).
In addition to the foregoing reactions, in the presence of cations
such as K+, Na+, or H^0+, pyrite may be oxidized directly to jarosite
or its counterparts according to van Breemen (1972):
FeS* + 15/40* + 5/2H*0 + 1/3K+ .
■+ l/3KFe3 (S04 )*(0H)b + 4/3S0r + 3lf [10]
Iron Sulfide Oxidizing Bacteria
Microbes catalyze many reactions including those related to the 
formation and oxidation of sulfide-ore deposits (Kuznetsov et al.,
1963; Zajic, 1969). Desulfovibrio (e.g. species desulfuricans) and 
Desulfomatoculum have been mentioned for their important roles in 
pyrite formation. Some oxidation reactions involving sulfur compounds 
occur rapidly in vitro at normal temperatures and pressures. However, 
the oxidation of some of the more reduced compounds will proceed only 
if they are mediated by certain microorganisms. Most of these micro­
organisms belong to the Thiobacilli, a group of qhemoautotrophic 
organisms capable of utilizing the energy obtained from the oxidation 
of H*S, S , S*0jj; , S40b and SOjjj” to S0£ for the assimilation of 
CO* (Starkey, 1966). In general, they are aerobic, but Thiobacillus
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denitrificans and perhaps T. thioparus can grow anaerobically if 
nitrate is present as an electron acceptor. T. thiooxidans and T. 
ferrooxidans are remarkable for their tolerance to extreme metal ion 
concentrations and very acid conditions.
Three species of Thiobacillus have been isolated from acid mine 
wastes: T. ferrooxidans, which oxidizes ferrous iron and pyrite as 
well as sulfur; T. thiooxidans, which oxidizes only sulfur and pyrite; 
and T. acidophilus. which is a facultative autotroph (grows on either 
inorganic or organic substrates, Guay and Silver, 1975) oxidizing 
sulfur but not ferrous iron. The T. acidophilus cannot oxidize pyrite 
unless it is in a mixed culture. These bacteria are acidophilic with 
optimal growth conditions around a pH of 2 to 3, although they can 
survive up to pH values as high as 6 or 7. The T^ ferrooxidans and 
Ferrobacillus ferrooxidans are able to mediate oxidation of Fe2+ to 
Fe3 . Members of the Beggiatoaceae, photoautotrophic bacteria of the 
Rhodobacteriaceae, and Sphaerotilus can also catalize the oxidation of 
sulfur compounds, but Thiobacilli are by far the most important group 
(van Breemen, 1973b).
2.5.2.2 Neutralization of Acidity
Three different fractions capable of deactivating sulfuric acid 
have been identified (a) carbonate alkalinity in solution, (b) exchange­
able bases, and (c) weatherable minerals.
a. Alkalinity
Alkalinity mainly refers to the carbonates of Ca and Mg that have 
accumulated in the sediments during aggradation, and that come with
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floodwater. Calcium carbonate contents are low or nil in most marine 
sediments of the humid tropics but may be appreciable (frequently 
higher than 1 0%) in sediments of arid and humid temperate regions.
The acidity due to 1% (mass fraction) pyrite-S is approximately balanced 
by 3% calcium carbonate. If seawater is entrapped in a sediment and 
all dissolved sulfate is reduced to sulfide, the increase in HC0a 
would lead to supersaturation with calcium carbonate (Pons et al.,
1982). Yet, calcium carbonate rarely precipitates presumably because 
of an inhibition due to dissolved organic matter (Pons et al., 1979).
van Breemen (1972b) has noted that the alkalinity of intersitial 
waters in non-alkaline soils rarely exceeds 10 meq L 1. So, at moisture 
contents up to 1 0 0%, dissolved alkalinity can contribute to the neutral­
ization of 1 meq of acid per 100 g of soil at the most. Seawater has 
an even lower alkalinity (2 to 2.5 meq L *) than most near-neutral 
ground waters, and cannot be considered an effective buffering agent, 
even if copious leaching is applied. However, in the eastern part of 
the Central Plain of Thailand, centuries of seasonal flooding with 
moderately alkaline water (2 to 5 meq HCO3 L 1 (van Breemen, 1973a) 
have probably increased the pH of the upper horizons of acid sulfate 
soils to near neutrality (van Breemen, 1972). In the areas of minimal 
leaching, the CaCOa (calcite or aragonite) and sulfuric acid have formed 
gypsum (CaS0 4 *2Hi-0 ).
b. Exchangeable bases
Active H+ created by the first stage of pyrite oxidation can be 
exchanged with exchangeable bases at the soil colloid surfaces.
Between 5 and 10 meq of acid per 100 g of soil is taken up by the
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exchange complex of typical acid sulfate soils in Thailand where pH 
drops from 7.5 or 7 to about 5. The total amount of acid taken up by 
the exchange complex of an acid soil is approximately equivalent to 
the difference between the CEC at pH 7 and the amount of exchangeable 
bases at the soil pH (van Breemen, 1972). For acid sulfate soils of 
pH 3.5 to 4 from Thailand, this amount is about 10 to 30 meq 100 g 1 of 
soil (Sombatpanit, 1970).
Most marine heavy clay soils have appreciable amounts of smectite 
clay; and their exchange complex, when fully saturated with bases, is 
capable of inactivating most of the acidity released by the oxidation 
of up ot 0.5% pyrite-S, so the pH will not drop below 4.0. If the clay 
fraction is predominantly kaolinitic, or the clay contents are low, less 
than 0.5% pyrite-S may make the soil potentially acid (Pons et al.,
1979). Otherwise, pH-dependent CEC of clay minerals and organic matter 
can contribute significantly to the neutralization of strong acid under 
neutral to slightly acid conditions by forming non-exchangeable acidity. 
In addition, except perhaps at extremely low pH, essentially all H ad­
sorbed by the clay complex is eventually taken up by the clay minerals 
and replaced by Ala+ (H+-clay ■* Al3+-clay) (van Breemen, 1972).
(c) Weatherable Minerals
Essentially all metal aluminum silicates are attacked by acid and 
release alkaline metals and monomeric silica into solution. If incon- 
gruent dissolution takes place, aluminum released from the minerals 
will be kept as potential acidity in some minerals such as kaolinite, 
A1 (0H)S0 4 , etc. If monomeric silica polymerizes and precipitates as 
amorphous silica, the reaction will favor the breakdown of minerals,
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thereby buffering the acidity. Generally, the layer silicate minerals 
are concentrated in the clay fraction and because of their large speci­
fic surface area, clay minerals can be important H+ consumers. Like 
other common clay soils, acid sulfate soils have been reported contain­
ing clay minerals; kaolinite, illite, smectite (montmorillonite, 
beidellite, nontronite), chlorite, glauconite, and charmosite. However, 
kaolinite is the most predominant type. It is the product of most 
weathering processes under acid conditions, and occurs widely in acid 
sulfate soils (van Breemen, 1972). The mechanism of neutralization of
acidity by the minerals can be written (after van Breemen, 1972) as
follows:
(i) Congruent dissolution
M-Al-silicate + (3 + a)H+ + bH^O -> Ma+ + Al3+ + cH4Si04 [11]
(ii) Incongruent dissolution
M-Al-silicate + aH+ + bHjjO ->
Ma+ + cH4Si04 + A1 (silicate) residue [12]
(iii) Incongruent Mg-montmorillonite to kaolinite:
6 Mg-montmorillonite + 2H+ + 23H^O ■*
Mg*+ + 7 kaolinite + 8H4Si04 [13]
Summarizing, it appears that the incongruent dissolution of 
montmorillonite takes place rapidly. This process is capable of 
maintaining an equilibrium solution even at high rates of acid forma­
tion. If sufficient time is available for dissolved silica to polymer­
ize and precipitate as amorphous silica (which appears to be the case 
under field conditions) the montmorillonite-kaolinite equilibrium can 
buffer the pH between 3.5 and 4.5. A much lower equilibrium pH is esta­
blished if dissolved silica increases beyond the solubility of amorphous
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SiÔ . This happens upon rapid oxidation associated with high rates of 
silica release. In the course of months, equilibrium between kaolinite 
(as well as montmorillonite) and its dissolved constituents is esta­
blished and can help to maintain pH values between 3.5 and 4 under 
field conditions. In very acid conditions, kaolinite may break down to 
buffer a change in pH:
kaolinite + 4H+ + 280$" -»> 2A10HS04 + 2 Si0 i. + 3^0 [14]
(basic A1 sulfate) (amor, silica)
It should be pointed out that other processes may be involved in 
maintaining the typical field pH values of 3 to 4. The assemblage 
jarosite-limonitic goethite will tend to keep the pH at about 3.7.
Mica and feldspar are also particularly important because they probably 
provide much of the K+ for jarosite.
Kaolinite was found as the dominant clay mineral in acid sulfate 
soils from Guinea (Horn and Chapman, 1968), Senegal (Viellefon, 1972), 
Vietnam, (Herbillon et al., 1966), and Malaysia (Allbrook, 1972).
This reflects the kaolinitic nature of many sediments in tropical areas, 
but formation of kaolinite at the expense of 2 : 1 clay minerals in acid 
sulfate soils is frequently evident (Allbrook, 1972; Buurman and van 
Breemen, 1972; Kawaguchi and Kyuma, 1969). On the other hand, changes 
in clay mineralogy could not be observed in acid sulfate soils in 
Sarawak (Andriesse et al., 1972). In California, acid sulfate soil 
formation was accompanied by a distinct decrease in chlorite content 
and an accompanying increase in montmorillonite (Lynn and Whittig,
1966). This was attributed to selective removal of the brucite layer 
of Mg-chlorite under acid conditions.
In addition to the three soil materials capable of neutralizing 
acidity, van Breemen (1972) noted that under extremely acid conditions
(pH 1.5 - 2.5) water can buffer the pH. Moreover, under this condition 
H+ ions can be consumed by S0£~:
SOr + H+ HSO; [15]
Moreover, there are indications that appreciable amounts of gaseous 
SO*, which is released from dissolved sulfite at low pH, escape from 
oxidizing pyrite sediments.
2.5.2.3 Products from Oxidation and Neutralization
The ferrous, hydrogen, and sulfate ions released during pyrite 
oxidation normally undergo various further reactions in the soil.
Protons are largely inactivated by different buffering reactions. 
Essentially all ferrous iron is ultimately oxidized to ferric iron, 
which precipitates as jarosite (KFea(S0 4 )^(0H)t>), poorly crystallized 
goethite, or amorphous ferric oxide. The larger part of the sulfate 
released during pyrite oxidation, however, remains in solution and is 
removed from the soil by leaching, and by diffusion into the surface 
water. The remaining sulfate is partly precipitated, either as 
jarosite or as the basic aluminium sulfate, AIOHSO4 (van Breemen, 1973a) 
and partly adsorbed, mainly by ferric oxides. Under relatively dry 
conditions, gypsum (CaS0 4 *2H*0 ) can form. Under strongly evaporative 
conditions, surface crusts of still more soluble sulfates such as 
sodium alum (NaAl(S0 4 )**1 2Hi;0 ), tamarugite (NaAl(S0 4 )**6H*0 ), pickerin- 
gite (MgAl*(8 0 4 )4 *22H*0) and rozenite (FeS0 4 *4Hi<0 ) have been observed. 
Under anaerobic conditions, sulfate can be reduced again to sulfide, 
which may, temporarily, be fixed as FeS. In very young acid sulfate 
soils still under tidal influence, this sulfide may even be incorporated 
in pyrite again (van Breemen, 1973a). The diagenesis of these compounds
have affects on morphology and profile development of acid sulfate 
soils.
(a) Jarosite
The general formula of jarosite is ABa(S0 4 )a(0H)b; where A= K ,
Na+, Ha0+, NH4+, Ag+, or %Pb2+ and B= Fea+ (jarosite) or Ala+ (alunite) 
(van Breemen, 1973a).
If "A" in a jarosite mineral is K , Na , Ha0 , or NH4 , we call 
jarosite, natrojarosite, hydroniumjarosite, and ammoniojarosite, res­
pectively. Most jarosite minerals found in acid sulfate soils are 
(potassium) jarosite. Jarosite may form according to the reaction
3Fe(0H)£ + 280*" + K+ -> KFea(S04 )i!(0H)b [16]
(Matijevic et al., 1975)
or
3Fei;(S04)a + hO* + llHi-0 + 2K+ +
2KFea(S04 )a(0H)b + 5HaS04 [17]
(Broomfield and Coulter, 1973; Ivarson et al., 1979; Ross et al., 1979).
Typically, jarosite occurs as conspicuous, pale yellow, earthy 
material as fillings of biopores or as efflorescences on ped faces and 
pore walls. Individual particles are often smaller than 1 pm and their 
diameter rarely exceeds 5 pm (Berner, 1971; Andriesse et al., 1972; 
Warshaw, 1956). van Breemen (1973a) found between 50 to 100% of 
jarosite contained in most yellow mottles, and sometimes in brown-yellow 
mottles or even red mottles if these mottles are located close to a 
jarositic horizon.
Jarosite can be synthesized at room temperature within 1-6 months 
by aeration of a solution of ferrous sulfate (0.06 - 0.6 mol L l) and
potassium sulfate (0.01 - 0.1 mol L"1) acidified with HaS0 4 to a pH of
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0.8 to 1.7 (Brown, 1970). Vieillefon (1974) could detect jarosite 
after 1 0 days of aerobic incubation of pyritic mangrove soil. Ivarson 
(1973) observed formation of ammonium jarosite within 4 to 10 days in 
cultures of T. ferrooxidans in a medium containing ferrous sulfate.
Since the organisms were isolated from natural jarosite samples, it 
seems likely that they do in fact take part in the formation of 
jarosite in situ.
From synthesis experiments (Brown, 1970) and by the appearance 
and grain size of jarosite precipitated in acid sulfate soils, van 
Breemen (1979) suggested that jarosite can form directly from solution 
without a precursor solid phase, generally at strong supersaturation 
faces in association with Thiobacilli (Nordstrom et al., 1979; Ivarson, 
1973). In soils, where it is formed more readily than in pure solu­
tions, supersaturation may be maintained for months even when the 
mineral is present (van Breemen, 1976).
In agreement with theoretical stability relations, jarosite is 
formed only in acidic (pH 2 to 4), oxidized (Eh > 400 mV) environments. 
However, in acid sulfate soils it is metastable and will eventually 
hydrolyse to goethite. Often, brown mottles from acid sulfate soils 
give sharp jarosite X-ray diffraction pattern, indicating that a thin 
coating of Fe(III) oxide may prevent recognition of jarosite in the 
field. Hydrolysis is enhanced by leaching and by a supply of bases. 
Although the yellow color may turn brown within a few months by dialysis 
(van Breemen, 1976), yellow jarosite mottles sometimes persist for 
decades at pH values above 4 in limed soils (Verhoeven, 1973).
Jarosite is stable only under relatively oxidized, acid conditions. 
Both a decrease in Eh and increase in pH may lead to the disappearance
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of jarosite:
(i) by solution reduction:
KFe3 (S04 )2 (0H) 6 + 6H+ -» K+ + 3Fe2+ + 2S0|“ + 6H20 [18]
(ii) by hydrolysis:
KFe3 (S04 )2 (0H) 6 + 3H20 K+ + 3Fe(0H) 3 + 2S0 |“ + 3H+ [19]
or
Jarosite -► K+ + 3FeOOH + 2S0|" +3H+. [20]
In natural conditions jarosites are not stable; the upper part of 
jarosites in the soil profile will hydrolyze to yield goethite. Con­
currently, at the lower part jarosites will be recreated at the expense 
of pyrite. Thus, the jarosite horizon will move deeper and deeper upon 
the development of a soil profile. Generally, a jarositic horizon has 
not been found adjacent to a pyritic horizon. This is because with slow 
oxidation of pyrite, the soluble oxidation products will move upwards 
and form jarosite at the site of higher oxygen pressure and lower pH.
If oxygen can penetrate the soil and reach pyrite crystals easily, the 
jarosite is found in contact with the pyrite (van Dam and Pons, 1972).
(b) Iron Oxides
In most acid sulfate soils only part of the iron released as a re­
sult of pyrite oxidation (and clay breakdown, e.g., Fe-chlorite) is 
tied up in jarosite, the bulk being present in free ferric oxides and 
in the clay mineral beidellite. In acid sulfate soils, ferric oxides 
may be formed either directly by oxidation of dissolved, solid, or ad­
sorbed ferrous iron, or by hydrolysis of jarosite. The first mechanism 
is dominant in zones where jarosite is absent: for instance, in the
upper part of the pyritic substratum and in the A horizon. Ferric oxide 
mottles in these zones are frequently dark reddish-brown or dark brown,
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rather than yellowish-brown as in the B horizon (van Breemen, 1973a).
Drainage, followed by oxidation of the large amounts of ferrous 
iron formed in the two zones upon submergence, may temporarily cause 
high concentrations of dissolved ferric iron leading to very fine­
grained precipitates. Part of the ferrous iron formed near the surface 
and in the upper part of the pyritic substratum diffuses towards the B 
horizon and will oxidize and precipitate there in the dry season 
(Harmsen and van Breemen, 1975).
From the chemical and morphological changes observed in the 
sequence of acid sulfate soils in Thailand, van Breemen (1973a) indi­
cated that jarosite is formed first and that most of the ferric oxide 
in the B horizon of the older soils is formed later by hydrolysis of 
jarosite. The increase in the prevalence of brown rims around jarosite
masses in thin section from shallower depths corroborate this (van Dam
and Pons, 1973; Miedema et al., 1974).
At pH values below 6 , ferric oxides are incompatible with pyrite,
and indeed, most iron oxide is formed at an appreciable distance from 
pyrite. By contrast, at high pH, as in calcareous pyritic sediments, 
goethite is often pseudomorphic after pyrite (Miedema et al., 1974).
In the better drained, deeply developed acid sulfate soils, part 
of the ferric oxides in the B horizon may occur as hematite, giving 
conspicuous red mottles. It is unlikely that the hematite is formed 
with ferrihydrite (Fe(OH)a) as a precursor (Schwertman and Taylor,
1977), because conditions facilitate transformation of fine-grained 
goethite to more stable hematite (van Breemen, 1976).
(c) Water Soluble Sulfate
Gypsum has been observed in coastal marine soils over a wide pH
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range (3.5 to 7). The upper limit of the calcium sulfate activity 
product in such soils is clearly regulated by precipitation of gypsum. 
Due to its fairly high solubility, gypsum is confined to the dryer 
soils or to those with some supply of calcium carbonate. In dry 
periods efflorescences of still more soluble sulfate such as Na-alum, 
tamarugite, pickeringite, and rozenite can be formed, particularly on 
the surface of young acid sulfate soils or of excavated pyritic soil, 
where pyrite oxidation is relatively rapid (van Breemen, 1976).
The soil solution of acid sulfate soils is generally supersaturated 
with alunite, the aluminous counterpart of jarosite (van Breemen,
1973b). However, alunite has evidently not been observed in acid 
sulfate soils, and is more typical of rock weathering by relatively 
concentrated sulfuric acid in sheltered or hydrothermal environments.
Profile Development toward Maturity
When a pyritic soil is drained periodically, e.g., during a dry 
season, pyrite within 50 cm of the surface can be removed completely 
in a few decades. Jarosite is formed by oxidation of ferrous sulfate 
that diffuses upward from the zone where pyrite oxidizes, and accumu­
lates at shallower depths as yellow mottles along pores and cracks. 
Jarosite is slowly hydrolyzed to fine-grained goethite in the upper 
part of the yellow mottled horizon, causing a residue of brown mottles. 
In the surface soil, reduction during flooding mobilizes iron, part of 
which migrates downward. This eventually leads to a lowering of ferric 
oxide near the soil surface. Thus, as the soils become older (in terms 
of pedologicai'maturity, not absolute age) and better drained, the dif­
ferent horizons are found at a progressively greater depth.
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Due to low decomposition rates under acidic conditions, acid 
sulfate soils often have a distinctly higher organic carbon content in 
the surface horizon than comparable non-acid marine soils (Kawaguchi 
and Kyuma, 1969). Still lower rates of organic matter decomposition 
prevail in acid sulfate soils in continuously wet equatorial climates. 
Such soils often have a peaty surface layer as in Western Malaysia 
(Chow and Ng, 1969) and southern Kalimantan (Driessen and 
Scapraptohardjo, 1974).
Problems of Acid Sulfate Soils to Wetland Rice
The problems concerning acid sulfate soils used for agriculture 
have been known since the 17th Century when the Dutch drained lakes and 
marshes to build polders in Holland. The oxidation of sulfidic muds 
has caused severe problems to upland crops. Pons (1972) noted that the 
farmers tried to minimize losses by maintaining a high groundwater 
table, and he referred to van Kerckhoff in 1856 who had inferred that 
the infertility of the soils are caused by ferric vitriol originating 
from the weathering of ferrous sulfide. In 1886 van Bemmelen (as quoted 
by Pons, 1972) explained the reduction-oxidation cycle by which marine 
sulfates are accumulated under reduced conditions as sulfides and the 
sulfidic sediments turn into acid sulfates upon aeration.
Problems of acid sulfate soils to wetland rice as far as research 
has been concerned so far can be summarized by the following:
1. adverse effect of H+;





6 . adverse effects of carbon dioxide and organic and inorganic 
acids;
7. phosphorus deficiency;
8 . low base status;
9. impaired microbial activities.
1. Adverse effect of H+
Hydrogen ion per se, according to Arnon and Johnson (1942), will 
be injurious to plants when the pH is lower than 3. Rice grown in so­
lution culture is found to be affected directly by H+ at pH below 3.5 
to 4 (Ponnamperuma et al., 1973; Thawornwong and van Diest, 1974). In 
young acid sulfate soils (Sulfaquepts) and rapidly oxidized potential 
acid sulfate soils (Sulfaquents), pH levels as low as 3 or even lower 
are found. Where the pH is lower than 4, other unfavorable factors will 
be seen harmful to plants. The H+ injury can be eliminated by raising 
pH above 4.
2. Aluminum toxicity.
Aluminum may be toxic to rice plants if soil pH is lower than 5 
(Nhung and Ponnamperuma, 1966). Miyake (1916) reported that the toxic 
effects of Al on the growth of rice seedlings appeared when Al concen­
trations were greater than 1.2 mg kg *. Young rice seedlings growing 
in pH 3.5 to 5.4 solutions suffered from 0.5 to 2 mg L_ 1 dissolved Al, 
and 3 to 4 week-old plants suffered from more than 25 mg L 1 Al (Cate 
and Sukhai, 1964; Tanaka and Navasero, 1966; Thawornwong and van Diest,
1974). The death of rice plants grown on a Vietnamese soil which con­
tained 6 8 mg kg 1 of dissolved Al was attributed to Al toxicity (Nhung 
and Ponnamperuma, 1966).
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Regardless of the type of acid sulfate soils, such toxic levels 
occur at pH values belov A.5 to 5 for seedlings, and below 3.5 to 4.2 
for older plants. However, these values also depend on other factors. 
Phosphate, for instance, counteracts Al toxicity, partly due to copre­
cipitation of Al and P outside the plants and in the roots (Tanaka and 
Navasero, 1966; Rorison, 1973; Attanandana, 1982). Tanaka and Navasero 
(1966) reported that in a culture solution, the critical level of Al 
was 25 mg L 1 for normal plants, 15 mg L 1 for P-deficient plants, and 
no toxic symptoms were observed even at concentrations of Al as high as 
40 mg L 1 in high P treated solutions. What constitutes a critical 
toxic level of Al in rice plants has not been described so far. The 
low availablility and high fixation of P in acid sulfate soils (Hesse,
1963; Watt, 1969) may therefore aggravate Al toxicity (van Breemen and 
Pons, 1978). The inhibiting effect of Al on the growth of root systems 
is strikingly lessened by the addition of K, but not Ca (Aimi and 
Murakami, 1964).
A high Al level affects cell division, disrupts certain enzyme 
systems, and hampers uptake of P, Ca, K, and several essential cations 
(Rorison, 1972). It can also disrupt the activities of proteinaceous 
enzymes located in the cell wall (Woolhouse, 1970). The harmful effects 
of Al are more pronounced in the root. Aluminum concentrations as low 
as 1 to 2 mg L~l markedly retard the growth of rice roots (Cate and 
Sukhai, 1964). Symptoms of Al toxicity to rice plants may be observed 
initially from the older by interveinal orange-yellow discolorations of 
the tips followed by brown mottling (Yoshida, 1981). Because Al con­
tents in the plant do not necessarily reflect aluminum toxicity, the 
disorder is easily overlooked (van Breemen and Pons, 1978).
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Aluminum toxicity is predominant when soils are unsaturated and 
just after flooding. After prolonged submerging when pH rises, Al will 
precipitate, and the toxicity is eliminated. However, in acid sulfate 
soils which contain low reactive reducible Fe and low easily decomposa­
ble organic matter, pH rises slowly, and Al toxicity may persist for 
several weeks. Broadcast deepwater rice, which grows for 2 to 4 months 
as dryland crop before flooding starts, as in the Bangkok Plain, may 
suffer from Al toxicity (Jugsujinda et al., 1978).
Aluminum injury can be eliminated by raising the pH of the soils 
to 4.4. The pH can be raised by liming or by keeping the soil submerged 
for several weeks before planting (Ponnamperuma et al., 1972) or by 
leaching (van Breemen, 1978). Many workers have overcome Al toxicity 
by liming or applying heavy doses of phosphate (Nhung and Ponnamperuma, 
1966; Jones and Fox, 1978; Attanandana, 1982). Organic residues which 
accelerate soil reduction after flooding may be applied to eliminate Al 
injury. The use of tolerant rice varieties seems to be economical.
3. Iron toxicity.
Iron toxicity has been observed only in flooded soils with a pH 
below 5.8 when aerobic, and pH below 6.5 when anaerobic (van Breemen 
and Moormann, 1978). Reported toxic levels of Fe in culture solutions 
vary from 10 to 20 mg L 1 to more than 500 mg L 1 (Ishizuka, 1961;
Tanaka et al., 1966). The wide range may be due to differences in cri­
teria used for toxicity (van Breemen and Moormann, 1978).
At least three criteria have been used to define toxic levels: 
plant growth, degree of bronzing, and Fe content of the plants.
Ishizuka (1961) found that growth increased as Fe2* concentrations in
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a culture solution increased from 0 to 0.1 mg L_1, but growth was ad­
versely affected at concentrations above 10 mg L_1. Bronzing symptoms 
generally appear at higher Fe concentrations: at 30 to 80 mg kg""1 in 
pot experiments with soils from Sri Lanka (Ponnamperuma, 1958;
Mulleriyawa, 1966), at 100 to 500 mg L 1 in culture solutions (Okuda 
and Takahashi, 1965; Tanaka et al., 1966), and 300 to 400 mg kg' 1 in 
soils well supplied with nutrients (IRRI, 1972).
Likewise, the Fe content in plants of a given variety grown at a 
given time and place usually correlates well with the degree of bronz­
ing (IRRI, 1965; Inada, 1965; Ota, 1968); but Fe contents in plants of 
different varieties, all moderately affected by bronzing, may vary from 
110 to 1100 mg kg' 1 (Jayawardena et al., 1977; Ismunadji and von Uexkull, 
1977). Furthermore, because apparently healthy plants may contain more 
than 1000 to 1500 mg kg" 1 Fe (Ota, 1968; Tanaka and Yoshida, 1970), it 
is probably impossible to define a generally applicable critical Fe con­
tent in plant tissue. To confirm suspected Fe toxicity, a comparison 
of the Fe contents in leaf blades of affected and healthy plants from 
the same field may be most useful (van Breemen and Moormann, 1978).
Iron toxicity in the soil is attributed to a high concentration 
of ferrous iron in the soil solution. The concentration of Fe2+ nor­
mally increases in a soil after flooding due to reduction of ferric 
oxide by organic matter. A rapid rise in Fe2+ is favored by a low 
initial soil pH, active iron oxide, the absence of compounds with a 
higher oxidation state than ferric oxide (Ponnamperuma, 1965), factors 
stimulating anaerobic microbial activity such as a good supply of 
easily decomposable organic matter, and a good nutrient status (van 
Breemen and Moormann, 1978). In most soils, Fe*** increases to 100-600
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mg kg' 1 in the first 2 to 1 0 weeks after flooding and later decreases 
to levels between 50 to 100 mg kg 1 in a few weeks. In acid sulfate 
soils the Fe*** peaks after several months, but reaches the range of 1 0 0  
tp 4 000 mg kg' 1 (van Breemen and Moormann, 1978).
Because acid is consumed, reduction of iron oxide to Fe*** causes 
an increase in pH. In most acid soils, pH normally reaches values 
between 6.4 to 7 within 2 to 5 weeks after flooding (Ponnamperuma,
1965). But acid sulfate soils are low in easily decomposable organic 
matter, low in active iron oxide, and have an extremely low pH; an in­
crease in pH causes much iron oxide to be reduced, and therefore the pH 
increases slowly (van Breemen and Moormann, 1978).
In Sulfaquents and Sulfaquepts, in which pyrite is found at a 
shallow depth, a considerable amount of Fe*** may be derived from the 
oxidation of pyrite. The Fe*** ions (or in the form of ferrous sulfate) 
later diffuse upward to the oxidized layers and surface water. Some of 
the Fe*** will be slowly oxidized to Fe3* because of the extremely low 
pH. Though some Fe precipitates in oxidized layers and as a film on 
the surface of floodwater, large amounts of iron as Fe*** and Fe3* still 
exist in aqueous form. In this situation such a concentration of Fe3*, 
alone or a joint effect with Fe***, may be sufficient to cause toxicity 
to plants. De Guzman (1956) showed that Fe(III) EDTA apparently induced 
bronzing only at 5 to 10 mg L 1 of Fe3*. Iron toxicity is normally 
found in Sulfaquepts, and sometimes in Sulfic Tropaquepts.
The critical Fe level in growth media required to produce bronzing 
differs with the age of the plant, variety, and possibly with the nutri­
tional status of the plants. The studies of Tadano (1970), Tadano and 
Tanaka (1970), and Tadano (1975) revealed that rice roots have a built-
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in protective mechanism which enables them to exclude an excessive 
amount of ferrous iron. Age and nutritional status of the plant are 
factors affecting the ability to tolerate high Fe concentrations. The 
Fe excluding power was lower in plants deficient in Ca, Mg, P, Mn, and 
especially in K, than in normal plants. On the other hand, if a high 
level of Fe is present in the soil solution, the uptake of P, K, and Mn 
will also be adversely affected. A high salinity due to NaCl or MgClj; 
is known to decrease the oxidizing power of rice roots and thus enhance 
Fe toxicity. However, in the case of acid sulfate soils, the extremely 
low pH due to free H2SO4 produced by pyrite oxidation would weaken the 
protective mechanism of rice roots against the uptake of an excessive 
amount of Fe. Moreover, a poor nutritional status of the plant aggra­
vates the toxicity problem (Tadano, 1975). High sulfide content and K 
deficiency may interact with the development of Fe toxicity on "Akiochi" 
soil in Japan (Park and Tanaka, 1968).
In the absence of harmful levels of respiration inhibitors, rice 
well supplied with nutrients apparently suffers from Fe toxicity only 
if dissolved Fe2+ is higher than 300 to 400 mg kg 1. It is not clear 
whether varietal differences in tolerance for Fei+ are due mainly to 
exclusion of Fe in the oxidizing rhizosphere, to reduced translocation 
of Fe, to tolerance for high Fe levels in the plant tissue, or to a 
combination of these factors (Yoshida and Tadano, 1977; Jayawardena,
1977).
Effective measures to ameliorate Fe toxicity include liming, 
drainage and leaching, presubmergence, prevention of deep drainage, 
and the use of tolerant rice varieties. Liming suppresses a high con­
centration of Fe by raising pH, thereby precipitating Fe. Presubmer­
40
gence tends to hasten the period of decline after reaching peak concen­
tration. The addition of fresh organic matter has been found to short­
en the period of high Fei+ content (IRRI, 1976). The prevention of deep 
drainage will maintain the water table above the pyritic layer, thereby 
minimizing pyrite oxidation. The use of tolerant plants seems to be 
economical for Fe-toxic soil.
4. Sulfide toxicity
Sulfide toxicity occurs when the soils are strongly reduced. In 
reduced soils, sulfate is unstable and is transformed to sulfide. The 
bulk of the sulfide is present in the solid phase mainly as FeS. For 
dissolved sulfide, aqueous HS and S* will be predominant at high pH,
whereas dissolved H^S is most likely to be the sole source of sulfide
toxicity in acid sulfate soils. Even at low concentrations (above 0.1 
mg kg"1)* H^S may be directly harmful to rice (Mitsui, 1955), and may 
aggravate Fe toxicity (Inada, 1965; Tanaka et al., 1968).
Hydrogen sulfide has been shown to be harmful to rice plants
through its suppression of the oxidizing power of the roots (Vamos,
1967; Yamada and Ota, 1958). In this condition, Fe can more readily 
enter the shoot of the rice plant. Thus, Fe toxicity occurs more fre­
quently under such conditions (Tanaka, et al., 1966). The physiological 
disease of rice associated with H^S is known in Japan and Korea as 
Akiochi (Park and Tanaka, 1968).
The work of Moraghan and Patrick (1974) has shown that sulfate 
reduction occurs slowly at pH 5 and increases as the pH is increased 
from 5 to 7. van Breemen (1975) has shown that when the pH increases 
above 4.5 to 5, sulfate reduction takes place, producing sulfide which
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is then precipitated as FeS. If the soil is low in Fe* , H*S toxicity 
might be possible. Sulfide toxicity can be solved by drainage, by 
avoiding prolonged submergence, and by avoiding the addition of lime 
and organic matter. Liming to raise the soil pH above 5 tends to en­
hance sulfide production (van Breemen, 1975). Komes (1973) recommended 
that the amount of lime applied to acid sulfate soils in Thailand should 
be just sufficient to inactivate Al as well as to avoid accelerated 
sulfate reduction at a higher pH.
A prolonged submergence tends to lower redox potential. In some 
acid sulfate soils, redox potentials are reported to be low enough for 
sulfate reduction. An addition of organic matter enhances microbial 
activity. The drainage of soils brings about aeration and can overcome 
sulfide toxicity. In Japan a remedy for Akiochi (sulfide toxicity) is 
to incorporate iron-rich, red colored soil into the plow layer 
(Kawaguchi and Kyuma, 1977).
5. Electrolyte stress.
A specific conductance (electrical conductivity) exceeding 0.4 
S m 1 (4 mmhos/cm) at 25°C indicates the presence of too much electro­
lyte in the soil solution for normal growth of rice (IRRI, 1968). In 
acid sulfate soils, a high specific conductance is attributed to sali­
nity which is derived from the intrusion of saline and brackish water 
and to solution processes in the soils. The intruded salts are mainly 
in the form of chlorides and sulfates of Na and Mg. Coastal acid 
sulfate soils are so-called saline acid sulfate soils or may be termed 
"Solonshak Cat Clays”. When freshwater pushes back the tide in the 
monsoon season, the water dilutes the salt concentration in the soils, 
and rice is able to grow.
Another way of increasing electrolytes in soils is by oxidation 
and reduction processes. In sulfaquepts the oxidation of pyrite during 
the dry season creates dissolved Fe2+, Fe3+, and S0|-; and reduction of 
soils during submergence enhances dissolved Fe2+ (also exchangeable Fe) 
and sulfide (Ponnamperuma et al., 1972; Toure, 1981).
Rice is a moderately salt tolerant crop (Richards, 1954). Pearson
(1959) reported that sprouted Caloro rice seed grew normally in a cul­
ture solution when the specific conductivity was less than 0.4 S m"1. 
Between 0.4 and 1.1 S m *, growth was retarded, and at a conductivity 
greater than 1.1 S m 1 the seed failed to grow.
The IRRI soil chemists (IRRI, 1964) have suggested that a speci­
fic conductance exceeding 0.3 S m 1 may create osmotic stress on rice 
roots. Specific conductances exceeding 0.4 S m 1 are rare at any stage 
of submergence in normal soils but in some acid sulfate soils the speci­
fic conductance can be as high as 0.8 S m" 1 just after flooding (Nhung 
and Ponnamperuma, 1966). Ponnamperuma et al. (1973) reported specific 
conductance values exceeding 1.0 S m 1 in some acid sulfate soils. 
Leaching is the best measure to solve salinity problems in acid sulfate 
soils. For the electrolytes which are produced by oxidation or reduc­
tion processes, leaching and/or liming may be employed.
6 . Adverse effects of carbon dioxide and organic and inorganic acids.
Ponnamperuma (1972) noted that carbon dioxide toxicity probably 
retards the growth of rice on submerged acid sulfate soils. Acid soils 
build up-high concentrations of CO2 (IRRI, 1965). Carbon dioxide con­
centrations exceeding 0.15% retard water and nutrient uptake by plants. 
Excess CO2 restricts the root growth of rice and causes wilting of rice 
plants (Ponnamperuma, 1965).
There are several indications that the bulk of the reducing, dis­
solved organic substances in the solution of flooded soils consists of 
phenolic compounds, which are perhaps related to fulvic acids (Takijima 
1964; IRRI, 1971; Okazaki and Wada, 1976). They may be more important 
than the many better-known alcohols, aldehydes, carboxylic acids, and 
organic sulfur compounds that generally occur in small concentrations 
in reduced soils, and that may inhibit rice growth at levels exceeding
0.1 to 10 mmol L 1 (van Breemen and Moormann, 1978). In flooded acid 
sulfate soils, undissociated weak acids and strong acids per se (in- 
stead of pH and H ions) may be harmful to rice. Leaching is a practi­
cal measure to cope with adverse effects of organic and inorganic acids
7. Phosphorus deficiency.
The phosphorus content of acid sulfate soils is low and it is 
strongly fixed by soil minerals (Hesse, 1963). At low pH, Fe and Al 
play a major role in P-fixation (Cole and Jackson, 1950; Kittrick and 
Jackson, 1955; Yuan et al., 1960). In an aerobic acid soil, P coprecip 
itates with Fe and Al and is occluded with iron oxide; the iron-fixed 
P is released upon reduction (Patrick and Mahapatra, 1968). Pham-Huu- 
Anh et al. (1961) failed to obtain any available P throughout the pro­
file of an acid sulfate soil in Vietnam using Olsen's extracting solu­
tion. Attanandana and Vacharotayan (1981) reported that Sulfic 
Tropaquepts required a high level of applied P, and the Rangsit very 
acid soil, with or without lime, was the only soil not responding to 
any fertilization in the absence of P. When the initial soil pH is 
4.2 to 4.5, the response to lime is often low and rarely significant; 
phosphate application alone at 50 to 100 kg P̂ O;, ha 1 gives a dramatic
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positive effect even on unlimed acid (pH 3.6-4.2) soils (van Breemen 
and Pons, 1978). The very acid sulfate soils of the Bangkok Plain shows 
good response to phosphate and lime (Attanandana, 1982). These effects 
of lime and phosphate on rice may be due to an increasing supply of 
nitrogen that results from a stimulation of ammonification and N* fixa­
tion (Kawaguchi and Kyuma, 1969; Matsuguchi et al., 1970; Motomura et 
al., 1975). However, rock phosphate with a high level of citrate solu­
bility proved to be a good source of P for flooded rice in acid sulfate 
soils of Thailand (Engelstad et al., 1973).
Residual effects were small with tricalcium phosphate in Vietnam 
(Troung-dinh-phuu, 1967), but those with rock phosphate lasted for five 
consecutive crops in Thailand (Jugsujinda and Suwanwaong, 1973).
8 . Low base status.
Attanandana (1981) reported that in an extremely acid sulfate soil 
in Thailand, extractable K and Ca are low, whereas extractable Al is 
high. In a potential acid sulfate soil in Senegal, exchangeable Ca, K, 
and Mg were found to be 2.6, 0.7, and 8.2 meq/ 1 0 0 g of soil, respective­
ly (Toure, 1981). The quantities of exchangeable Ca and Mg found in the 
surface layer of an acid sulfate soil in Thailand were 3.5 to 5.0 and 
3.0 to 3.2 meq/100 g soil, respectively (Sombatpanit, 1970). Many in­
vestigators report the low base status of acid sulfate soils, especial­
ly Ca and K. During formation and profile development, bases are re­
moved with sulfate ions and the available exchange complex become occu­
pied by Al.
9. Impaired microbial activities.
Because acid sulfate soils contain high amounts of toxins, many
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biological processes are likely to be inhibited. Ammonification, nitri­
fication, and N2 fixation activities are low in acid sulfate soils.
Reclamation, Improvement, and Management For Rice
Within the limits of the diagnostic criteria, acid sulfate soils 
vary widely in physical and chemical properties (Kawaguchi and Kyuma,
1969a,b; Tanaka and Yoshida, 1970; van Breemen, 1976). Thus the crite­
ria used in treating a certain acid sulfate soil may differ from those 
of another.
1. For acid sulfate soils with pyritic horizons being at shallow 
depths (e.g., potential acid sulfate soils, Sulfaquents; or young acid 
sulfate soils, Sulfaquepts) water tables should be kept over the pyrite 
substratum to minimize pyrite oxidation during off-seasons. Maximum 
oxidation of pyrite might be another appropriate strategy for accele­
rated reclaimation projects within 3 to 5 consecutive dry seasons. This 
measure requires good water management and a large economic investment.
2. For tidal Sulfaquepts, salt water seems to be promising in 
leaching out toxic substances such as iron, aluminum, and sulfide. In 
this case fresh water is needed afterwards to wash out the salts.
3. Young acid sulfate soils (sulfaquepts) in artificially drained 
land have been reported to undergo rapid reduction thereby inducing iron 
toxicity after flooding. High Fe concentrations prevail for a long 
time, and strong acidification (by iron sulfate) in the surface water
is probably common (Sudjadi et al., 1973). Intensive drainage and 
copious leaching are required. Applying organic matter, plowing under 
straw or weeds, and long presubmergence should be avoided. Early 
transplanting of iron tolerant rice varieties after flooding and using
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narrow spacing to minimize the degree of soil reduction by root aeration 
are likely to be appropriate cultural practices. Other types of plant­
ing patterns such as broadcasting of pregerminated seeds in wet-puddled 
land and dry seeds in dry-puddled land might be suitable under certain 
situations.
4. In some semimature and mature acid sulfate soils (e.g., Sulfic 
Tropaquepts, which contain low decomposable organic matter or low reac­
tive iron oxide, and low nutrient elements) reduction processes after 
flooding proceeds slowly, resulting in a slow increase in soil pH.
Hence, aluminum toxicity may persist after a long period of time. In 
this case, either liming or applying organic matter (such as green 
manure, compost, farm manure) or plowing under rice straw and weeds, 
together with the applications of N and P can accelerate soil reduction 
and increase pH. Prolonged submergence combined with delayed planting 
may be used as another tactic in this situation. Burning of rice straw, 
which is established as a suitable cultural practice in some circum­
stances, would probably be a disadvantage for this type of acid sulfate 
soil.
5. In the deep-water rice area of Thailand (Sulfic Tropaquepts), 
farmers broadcast seeds on dry land, and rice plants grow as an upland 
crop for a period of 2 to 4 months before inundation begins. In the 
dry period plants incidentally suffer from Al toxicity, P and N defi­
ciencies, and drought. The practicable amelioration probably includes:
- delay planting (if plants are able to cope with a rise of deep 
water subsequently)
- application of phosphate fertilizer and lime before directly 
seeding
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- use of varieties tolerant to low P, Al toxicity, drought, sub­
mergence and deep water
- application of N fertilizer at the beginning of flooding.
In the areas where maximum water levels are not too deep (<60 cm), and 
if water management is practicable, a change from deep-water rice to 
lowland rice by transplanting or sowing pregerminated seeds will proba­
bly double or triple the yield. Except for the extremely acid sulfate 
soils, liming may not be economical. Nitrogen and P fertilizers should 
probably give a high net return. Double cropping in this soil, if pos­
sible, will help in improving soil chemical and biological conditions 
in the subsequent seasons.
6 . Care should be taken on liming and leaching. Overliming might 
cause severe problems such as micronutrient deficiencies. In general,
Fe, Mn, B, Cu, and Zn will precipitate at high pH. In addition Ca has 
been noted to suppress K absorption of rice plant. Leaching may deplete 
nutrient elements in the long run.
Suitablity Class of Acid Sulfate Soils in Thailand with Respect to 
Rice and Their Conspicuous General Properties
Homan van der Heide (1904) commented on the poor quality of water 
from wells in the Bangkok Plain "due to the presence of alum and 
magnesium in the soil," but the first description of acid sulfate 
soils in Thailand was given by Pendleton (1947).
Kevie and Yenmanas (1972), grouped the soils of the Bangkok Plain 
into four classes of suitability for rice cultivation on the basis of 
relationship between soil mapping units and soil productivity.
1. P-I -Soils very well suited for rice, having no limitation 
due to acidity.
2. P-IIa^ - Soils well suited for rice, having slight limitations 
due to moderate acidity that restrict their use for rice production.
The term, Moderately Acid Soil, is assigned to this group; and the area 
represented is 0.3 million hectares.
3. P-IIIa - Soils moderately suited for rice, having moderate 
limitation due to severe acidity that restrict their use for rice 
production, and which require special management. The term, Severely 
Acid Soils, is assigned to this group and the area affected is 0.2 
million hectares.
4. P-IVa - Soils poorly suited for rice, having a high limitation 
due to extreme acidity that restricts their use for rice production, 
and which require special management. The term, Extremely Acid Soils, 
is assigned to this group, and the area affected is 70,000 hectares.
Acid sulfate soils of the area fall into Class P-IIa, P-IIIa, and 
P-IVa: Kevie and Yenmanas (1972) described 16 non-acid marine soil
series (including one potential acid sulfate soil) and 2 0 acid sulfate 
soil series in the Bangkok Plain.
The soils in Class P-I are non-acid-sulfate marine and riverine 
soils or brackish-water-deposit para acid sulfate soil (Pons, 1973).
Most of these soils fall into the Typic Tropaquept Subgroup. The soils 
in Class P-lla are very mature acid sulfate soils and mostly are classi­
fied into the Sulfic Tropaquept Subgroup. The soils in Class P-IIIa 
are mature acid sulfate soils and mostly are classified into the Sulfic 
Tropaquept Subgroup. The soils in Class P-IVa are somewhat mature to 
young acid sulfate soils and are classified mostly into the Sulfic
t P = paddy; a = acid
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Tropaquept Subgroup and a few into the Typic Sulfaquept Subgroup. In 
addition, peat acid sulfate soils found in the Southern Peninsular are 
thought to be in Sulfihemist Great Group. The present trend indicates 
that the acid sulfate soils (Sulfic Tropaquepts) produce rice yields of
0.6 to 1.5 t ha 1 compared to the average yield of 2.5 t ha” 1 for Typic 
Tropaquepts (Fukui, 1973; Homes, 1973a, 1973b; Rojanasoonthon, 1978).
The acid sulfate soils in the Central Plain of Thailand are generally 
well developed physically, but their high acidity retard microbial acti­
vities, and their phosphorus adsorption coefficient is high.
For Sulfic Tropaquepts of the Bangkok Plain, low phosphorus is 
considered to be the main growth limiting factor (Motomura et al.,
1975). On such soils rice hardly responds to lime or nitrogen unless 
phosphate is applied and rice yield can be doubled or quadrupled by 
applying phosphate alone, although the efficiency is low in terms of 
uptake. The benefits of lime and phosphate application may in part be 
due to increased supply of nitrogen by stimulation of ammonification 
and microbial fixation of nitrogen (Kawaguchi and Kyuma, 1969;
Matsuguchi et al., 1970; Motomura et al., 1975).
In his review Acid Sulfate Soils and Rice, van Breemen (1978) has 
summarized the methods of reclamation and improvement of acid sulfate 
soils that appear to be most effective. Young acid sulfate soils 
(Sulfaquepts) can technically be turned into productive rice land by 
good water management, and a combination of lime, fertilizer (especial­
ly phosphorus) and rice varieties tolerant to iron toxicity and phos­
phorus deficiency. For Sulfic Tropaquepts of pH 3.6 to 4.2, (which 
are commonly used for rice and give low to moderate yield of 0.5 - 2 
t ha *), with traditional practices, lime rates of 3 to 6 t CaCOy ha 1
(in combination with proper nitrogen and phosphorus) are generally best 
(Ha, 1970; Park et al., 1971; Yang, 1974; Sombatpanit, 1975). When the 
pH of the soils is 4.2 - 4.5, the response to lime is often low and 
rarely significant. Phosphate application at 50-100 kg P^0b ha 1 had a 
dramatic positive effect. Attanandana and Vacharotayan (1981) compared 
available phosphorus extracted by the Bray II method among representa­
tive soils in each class of P-I, P-IIa, P-IIIa, and P-IVa; the concen­
trations of phosphorus were: 23.6, 9.6, 10.5, and 6 . 1 mg kg lf respec­
tively.
In Thailand considerable research has been conducted during the 
past few decades to improve rice production on acid sulfate soils.
The research has shown that improvements can be achieved by liming and 
by fertilization with nitrogen and phosphorus fertilizers. The effi­
ciency of both nutrient elements is considerably less on acid sulfate 
soils as compared to other soils used for rice. Attanandana and 
Vacharotayan (1981) concluded that rice grown on Class P-I soils (Typic 
Tropaquepts) gave maximum yields at relatively low levels of N and es­
pecially P. For moderately acid soils (Class P-IIa, Sulfic Tropaquepts), 
Jugsujinda and Suwanwoang (1970) summarized that N and P were the only 
major limiting nutrients. The results were consistent with other workers 
(Maneewan et al., 1981; Charoenchamratcheep et al., 1981). Suwanwoang
(1960) tested the rate and source of phosphorus fertilizers in severely 
acid soils (Class P-IIIa, Sulfic Tropaquepts); he concluded that rice 
plants responded to P up to 37.5 kg PuOj, ha”1, and generally rock phos­
phate was better than superphosphate. However, from 21 reports from 
UNDP/SF programs conducted on acid sulfate soil in Thailand, no differ­
ences between North Florida rock phosphate and triple superphosphate
were found (Jugsujinda et al., 1971; Jugsujinda and Suwanwoang, 1972).
The Rangsit Very Acid series, an extremely acid soil (Class IV-a), 
is characterized by low pH, low available P, Ca, and Si but high S and 
extractable Al. Phosphorus has been found to be very limiting in these 
soils. A combination of lime and nitrogen and phosphate fertilizers 
has been found to give a reasonable yield (Im-Erb, 1979; Maneewan et 
al., 1981; Charoenchamratcheep, 1981). Apparently, either raising the 
pH, or adding calcium, or both, make the soil more responsive to the 
added phosphorus (Attanandana, 1981). Also, available K was evidently 
low and rice grown on this soil tended to respond to K (Attanandana, 
1981).
CHAPTER 3
Reviews on Redox, pH, and Ion Chemistry in Flooded Soils
I. Oxidized and Reduced Horizons of Paddy Soils
Soils are said to respire because of their ability to consume 
oxygen. The oxygen is used primarily by microorganisms and plant 
roots. In aerobic soils the rate of 0̂  replenishment from the atmos­
phere to the soil exceeds the rate of 0  ̂comsumption, hence the soils 
are in an oxidized condition.
When a soil is submerged, gas exchange between soil and air is 
drastically curtailed. Oxygen and other atmospheric gases can enter 
the soil only by molecular diffusion in the interstitial water. This 
process, according to the figures given by Lemon and Kristensen (1960) 
and by Greenwood (1961), is 1 0 000 times slower than diffusion in 
gas-filled pores. Thus the oxygen diffusion rate suddenly decreases 
when a soil is saturated with water. Takai et al. (1965) found no 
oxygen in three soils after one day of submergence. Turner and Patrick 
(1968) could detect no oxygen in four soil suspensions within 36 hours 
of withdrawal of the oxygen supply.
Where consumption exceeds diffusion, 0^ will be deficient and the 
soil is subject to anaerobic conditions. A submerged or saturated 
soil, however, is not uniformly devoid of oxygen. The concentration 
of oxygen may be high in the surface layer, which is a few millimeters 
thick and is in contact with oxygenated water. Below the surface 
layer, the oxygen concentration drops abruptly to practically zero
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(Mortimer, 1941; Patrick and Sturgis, 1955; Greenwood and Goodman,
1967). The brown color of the oxygenated layer, its chemical proper­
ties, and its oxidation-reduction potential undergo a similar abrupt 
change with depth in submerged soils (Pearsall and Mortimer, 1939; De 
Gee, 1950; Alberda, 1953; Howeler, 1970).
Generally, in a typical paddy soil, there is another oxidized 
zone down below the reduced horizon. This is evident from the forma­
tion of illuviated Bir and Bmn below the plow sole. Ponnamperuma 
(1973) noted that during the period of submergence, the soil undergoes 
reduction and turns dark gray. Iron, manganese, silica, and phosphate 
become more soluble and diffuse to the surface, and move by diffusion 
and mass flow to the roots and to the subsoil. When reduced iron and 
manganese reach the oxygenated surface, the surface of rice roots, or 
the oxidized zone below the plow sole (De Gee, 1950; Koenigs, 1950;
Mitsui, 1960; Kyuma and Kawaguchi, 1966), they are oxidized and pre­
cipitated along with silica and phosphate. Sandwiched between the 
oxidized surface layer and the zone of iron and manganese illuvia- 
tion is the root zone of rice with reddish-brown streaks along root 
channels.
II. Biochemistry of Respiration
For a living cell to survive it must obtain energy from its envi­
ronment and transform that energy into a biochemical fuel acceptable 
to the cellular enzymes whose business it is to synthesize proteins, 
carbohydrates, lipids, and accessory substances. All of the major 
synthetic processes depend principally on the chemical energy of 
adenosine triphosphate (ATP) to drive endergonic reactions.
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Green plants convert the radiant energy of sunlight into chemical 
energy by reactions whose initial events are still somewhat obscure. 
When chloroplasts absorb sunlight, three products are formed: reduced
ferredoxin, ATP, and Ojj. The reduced ferredoxin transfers electrons 
to one of the pyridine nucleotides, nicotinamide-adenine-dinucleotide 
phosphate (NADP), which then joins forces with ATP to bring about the 
reduction of CO^ and the subsequent synthesis of higher carbohydrates. 
The light-induced formation of reduced pyridine nucleotides and ATP is 
called photo-phosphorylation. To derive energy, the organism will pro­
ceed by breaking down the photosynthesized products.
In soil, heterotropic microorganisms use not only simple compounds 
like monosaccharides, amino acids, or fatty acids for energy sources 
but also complex molecules such as polysaccharides, proteins, lipids, 
or lignin. Such complex molecules may be broken down by enzymes out­
side the microbial cell wall, before the breakdown product is absorbed 
into the cell and respired (oxidized).
Krebs and Kornberg (1957) have divided the energy production from 
foodstuffs into three main phases. The schematic diagrams are illus­
trated in Table 1.
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For plants all the processes occur in the plant cells themselves, 
whereas for animals and microorganisms, enzymic breakdown, especially 
in phase I, occurs outside the cells. In phase II some of foodstuff 
broken down in the process give rise to a partial energy. For in­
stance, one molecule of glucose, through the glycolysis pathway, is 
converted to two molecules of pyruvic acid and releases 4H+ + 4e-. In 
phase III all are energy deriving steps.’
In the oxidation of glucose we are dealing with organic compounds 
here the reductant or electron donor releases protons at the same time 
as the electrons, so giving the oxidation its traditional meaning as 
a loss of hydrogen or gain of oxygen.
The energy output in this system is linked to the way in which 
the protons and electrons react with molecular oxygen to form water.
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This involves an intermediate series of enzymes and carriers. The 
oxidation of one molecule of glucose gives:
CbHiaOb + 6H*0 -> 6C0* + 24H+ + 24e- [1]
24H+ + 24e- + 60* -> 12H*0 + energy [2]
Combining Eq. [1] and [2], we have:
CbHiaOb + 60* -» 6C0* + 6H*0 + 2867 KJ [3]
The energy released is usually stored in or transferred through high 
energy bonds which enables other reactions in the metabolism of the 
organism to take place.
II.1 Aerobic Respiration 
The process whereby molecular oxygen performs as ultimate electron 
acceptor in the electron transport system as illustrated above is 
termed "aerobic respiration." Leaves as well as roots, aerobes, and 
facultative anaerobes in soils use oxygen in the respiration process.
The oxidant in this case is oxygen which is both the electron 
acceptor, and also accepts protons to form water. The protons and 
electrons are not free in the system during these reactions, but are 
transferred directly from one redox couple to another. Thus, during 
any oxidation and reduction process two redox couples always operate 
side by side, the couple with the greater affinity for electrons 
assuming the oxidizing role and the couple with the less affinity for 
electrons assuming the reducing role. The series of carriers and 
enzymes to link the two couples together are in reality a series of 
redox couples, the final couple being 0* and H*0 with the help of 
terminal oxidase.
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II. 2. Anaerobic Respiration and Fermentation 
Anaerobic respiration and fermentation processes in plants and 
microbes occur due to the absence of 0*. The overall process is still 
an attempt by the organisms to utilize the energy stored in organic 
materials. For instance, glucose follows oxidative steps in a similar 
manner to that described earlier. But for this to proceed, compounds 
other than 0  ̂must be used as terminal electron acceptors.
Yoshida (1978) has described microbial metabolism in reduced con­
ditions. Two pathways occur: (a) fermentation, where other organic
molecules are reduced in order to allow the glucose to be oxidized; 
and (b) anaerobic respiration, which strictly is the use of inorganic 
electron acceptors to allow the oxidation of glucose, but is often 
used as a general term to cover the both pathways.
a) Fermentation Process
The early steps are the same as those in an aerobic system, as 
far as pyruvic acid in phase II. This can then be linked to another 
organic couple and many possibilities exist in soils. For instance, 
some glucose in the system may be oxidized to pyruvic acid making use 
of the reduction of acetaldehyde to ethanol. Phase III is no longer 
operative, as the tricarboxylic acid cycle cannot continue in the 
absence of oxygen.
These processes occur within the bacterial cells but unwanted 
compounds, including the gases, may be expelled from the cells into 
the soil. Ponnamperuma (1972) lists a large number of possible reac­
tions of organic fermentation and states that the end products are 
CÔ , H*, CH4 , NH4 , ethylene, amines, mercaptans, and partially humi-
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fied residues. However, before these end products are formed organic 
compounds may appear in amounts which give these anaerobic soils many 
of their characterisitic properties (Takai and Kamura, 1966).
b) Anaerobic Respiration
Under anaerobic conditions, for instance, in submerged soils, 
facultative and obligate anaerobes will utilize some inorganic oxidants 
other than Oz as electron acceptors. The common inorganic oxidants 
found in soils are NO3 , manganic Mn, ferric Fe, sulfate S. In addition,
COz, Nz, and H+ ions also can be utilized as terminal electron accep­
tors at very low redox status. NO3 , Mn(IV), and Fe(III) are utilized 
by facultative anaerobes and reduced to Nz, Mn(II), and Fe(II), res­
pectively whereas SOif, COz, Nz, and H+ are utilized by obligate anaer­
obes and reduced to HzS, CH4, NH3 , and Hz, respectively. An organic 
compound undergoing from reduced to oxidized may be linked to an 
inorganic couple. For example, 4H+ + 4e- derived from one molecule of 
glucose to two molecules of pyruvic acid will be coupled with 2N0 a 
and yields 2N0z + 2HzO.
NO3 and S0$ are normally present in the soil solution and so 
they are absorbed into or are in intimate contact with the bacterial 
cells, but manganic Mn and ferric Fe are usually distributed in inso­
luble oxide forms. The mechanisms of oxidation established by the 
insoluble constituents are at present still doubtful.
Rowell (1981) noted that three possible mechanisms exist whereby 
the activity within the bacterial cell can be linked to a couple out­
side the cell. First, the compounds may be taken into a cell from the 
soil solution, reduced, and then returned to the soil solution again.
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The two couples are then directly linked. Secondly, an intermediary 
may be involved whereby the oxidation of a molecule in the cell reduces 
an associated molecule. This reduced molecule then passes out of the 
cell into the soil solution and becomes directly linked with the inor- 
ganic couple. Thirdly, the H and e- "produced" during the oxidation 
of the organic molecule may pass through the cell into the soil solu­
tion, then becoming linked to the inorganic couple.
From the foregoing it is obvious that the initial redox couples, 
which are the sources of energy and/or carbon, involving either aerobic 
or anaerobic respiration or fermentation, all are organic substances.
In addition, there are some other processes whereby autotrophes derive 
energy from utilizing an inorganic oxidant to oxidize another inorganic 
reductant. For instance, NH4 is oxidized biologically to NO* and NO* 
to NO3 by the bacteria Nitrosomonas and Nitrobacter, respectively. The 
bacteria use 0* as e- and H+ acceptors. The bacteria Thiobacillus 
ferrooxidans is apparently able to oxidize pyrite in acid sulfate 
soils; the bacteria utilize Fe^* ion as electron acceptors. According 
to van Breemen (1973) the reaction is:
FeS* + l4Fe3+ + 811*0 -► lSFe2* + 2S0S’ + 16H+
There is a speculation of energy gain to the bacteria. The process 
of the inorganic-inorganic oxidation reduction should be termed 
"inorganic respiration".
III. Theory of Eh, pe, and pH
III. 1. Redox Potential (Eh)
Oxidation-reduction is a chemical reaction in which electrons
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are transferred from a donor to an acceptor. The electron donor loses 
electrons and increases in oxidation number or is oxidized; the accep­
tor gains electrons and decreases its oxidation number or is reduced.
If a chemical reaction proceeds until the system is at equili­
brium, the activity equilibrium constant ( k )  is the quotient of the 
activities of the product(s) to the reactant(s). The equilibrium con­
stant can also be derived from thermodynamic data. That is:
AGr° = -RT In K [4]
where AGr° is free energy change of the reaction at standard state, R 
is the universal gas constant, and T is the absolute temperature.
And AGr° is derived from:
AGr° = ZAGJ products - IAG| reactants [5]
where AG^ 0 is the free energy of formation of a substance. At 25°C,
Eq. [4] becomes:
AGr° - -1.364 log K or
log K = -AGr°
1355 [6]
Another expression of a reaction to relate energy in thermodynamic 
terms and electrical potential, EMF or Voltage is:
AGr° = - nE°F [7]
where n is the number of moles of electrons associated in the reaction,
E° is the standard potential of the reaction, and F is the Faraday 
constant. Also:
AGr = -nEF [8 ]
where AGr is free energy of the reaction and E is the cell potential 
of the reaction. The change in free energy, AGr, for the reaction 
Ox + ne -> Red is given by:
AGr = AGr° + RT In (Red) [9]
W T
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where (Red) and (Ox) are the activities of the reduced and oxidized 
species. Substitution of Eq. [7] and [8 ] in Eq. [9] gives the Nernst 
Equation:
E = E° + RT In (Ox) [10]
nF IRe3)
If E is measured against the standard hydrogen electrode, it is deno­
ted by Eh. Eq. [10] then becomes
Eh = E° + RT In (Ox) [11]
nF IFI3)
At 25°C Eh is simplified by:
Eh = E° + .059 log (Ox) [12]
“ 5" T5£3)
Eh is called electrode potential. The electrode potential is either 
an oxidation potential or a reduction potential depending on the way 
the reaction is written. In practical use Eh is generally known as 
the redox potential.
However, for redox reactions in soils, hydrogen ion is involved 
so the reaction is expressed as:
Ox + mH+ + ne- -*■ Red 
where m and n are the number of moles of H+ and electrons, respective­
ly. Therefore,
Eh = E° + RT In (0x)(H+)m [13]
nF -- (K£3T
At 25°C,
Eh = E° + .059 log (Ox) - .059 m pH [14]
“ 5“ IE£3) E
At pH 7,
E? = E° - 0.413 m [15]
n
Where E0, is the value of E° at pH 7, and
Eh = E? + .059 log (Ox) [1 6 ]
—  TFeE)
The standard electrode potentials at pH 0 and 7 of some systems and 
their redox potentials measured in soils are depicted in the Table 2.
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Table 2 Standard electrode potentials of some systems and the redox 
potentials measured in soils.
t § #
System Measured Eh
E°(v) E?(v) in soils (v)
0* + 4H+ + 4e- = 2HzO 
NO3 + 6H+ + 5e- = ^  + 3H*0 
MnO* + 4H+ + 2e- = tin** + 2Hz0 
CH3COCOOH + 2H+ + 2e- = CH3CHOHCOOH 
Fe(0 H) 3 + 3H+ + e- = Fea+ + 3HzO 
CH3CH0(aq) + 2H+ + 2e- = CH3CH;;0H(aq) 
SOS" + 10H+ + 8 e- = HjjS + 4H*0 
CO* + 8H+ + 8 e- = CH4 + 2H30 
H+ + e- = kHz
1.229 0.841 0 . 6 to 0.4
1.245 0.741 0.4 to 0 . 2 2
1.229 0.401 0.4 to 0 . 2
0.256 -0.158 ---
1.057 -0.185 0.3 to 0 . 1
0 . 2 2 1 -0.192 ---
0.303 -0.214 0 to -0.15
0.169 -0.244 -0.15 to -0 . 2 2
0.000 -0.413 -0.15 to -0 . 2 2
t Pommampererum (1972)
§ Ponnamperuma (1976)
# Bohn et al. (1979)
III. 2. Relation between Eh and pH
The reaction that involves H+ and Eh is derived from Eq. [14]. A 
plot of the Eh-pH diagram of the Oz-H^O couple as the extreme oxidized 
and the HzO-Hz couple as the extreme reduced will give the parallel 
straight lines with an Eh/pH slope of -.059 V. This means an increase 
in pH by one unit will render a decrease in Eh by .059 V. and vice 
versa. Theoretically, if the number of protons and electrons involved 
in the reactions are equal, the slopes will be -.059 V as in O^-HzO 
and HzO-Hz systems. For unequal proton-electron systems, the slopes 
are other than -.059 V. For instance, the slopes will be -.071 V (or
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6/5 x -.059) for NOa-Nu system, -.118 V (or 2 x -.059) for MnOi!-Mn:i+ 
system, -.177 V (or 3/1 x -.059) for Fe(0H)a-Fe2+ system, -.073 V (or 
5/4 x -.059) for S0£ -H^S system, and -.059 V (or 4/4 x -.059) for 
CO2-CH4 system. As indicated, the slope is least steep at the O^-HzO 
system, increases in steepness to a maximum at Fe(0H)a-Fe2* system, 
and declines again to minimum steepness at the CO2-CH4 and HuO-H*. 
systems. When an aerated soil is undergoing submergence to the lowest 
reduction, if the dEh/dpH is considered as a single non-dynamic linear 
fashion, this may cause a lot of errors. In submerged soils, since 
the mixed system controls redox potential and pH, the slope should be 
much more variable than expected. So it is probably more justifiable 
if the slope is thought of in terms of the analogy to lime requirement 
which, for a given soil, is unlikely to be the same at different 
ranges of pH.
The hydrogen ion concentrations affect Eh by direct participation 
in the oxidation reduction or by influencing the dissociation of oxi­
dants or reductants (Clark, 1960). So dEh/dpH varies with the system. 
Although most workers use -.059 V/pH at 25 °C as the correction factor, 
the experimental values range from about -.060 V for aerobic soils to 
as steep a slope as -.232 V for some reduced soils (Patrick, I960).
This uncertainty makes many potentials corrected to pH 7 unreliable 
(Ponnamperuma, 1972).
Workers at the International Rice Research Institute (IRRI, 1964) 
found that the factor for Eh correction ranged from -40 to -140 mV per 
pH unit, depending on the soil type, time of incubation, and kind and 
amount of organic matter. The work of Redman and Patrick (1965) ex­
pressed a close relationship between redox potential taken soon after
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submergence and the initial pH of the soil. The average Eh/pH slope 
was -61.8 mV for 26 Louisiana soils. It was noted that this value was 
very close to the theoretical value of -60 mV for the oxygen-water 
system. In the same Louisiana soils the redox potential at 30 days 
after submergence was also pH dependent, but a considerably different 
Eh/pH slope of -36 mV was obtained. This difference in Eh/pH slope in 
oxidized and reduced soils is thought to be due to redox systems, 
other than the nonreversible oxygen system, which are dominating in 
the reduced soils (Ponnamperuma, 1965; Redman and Patrick, 1965).
III.3. Poise of Redox System
There are similarities between the buffering of pH changes by a 
weak acid and its conjugate base, and the buffering of redox potential 
by the oxidant and its conjugate reductant. The latter is known as 
"poise", which is a measure of the ability of the system to withstand 
changes in Eh as electrons are added or removed. More strictly, it is 
the number of electrons which must be added to give a unit reduction 
in Eh. Poise increases with the total concentration of oxidant plus 
reductant, and for a fixed total concentration it is maximum when the 
ratio of oxidant to reductant is one (Stumn and Morgan, 1970; Ponnam­
peruma, 1972). Poise is a useful concept in understanding potential 
measurements and the behavior of mixed systems. The poor poise of 
natural aerated systems is due to the absence of a reversible system 
in sufficiently high concentration.
III.4. Eh Measurement
In aerated environments, the degree of aeration can be measured
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quickly and simply by an oxygen electrode. In anaerobic conditions 
when O2 is depleted, a measurement of the tension and diffusion of O2 
can no longer be employed to monitor the extent of redox status. A 
most meaningful and well-known method in characterizing oxidation- 
reduction state of a system is redox potential. Redox potential mea­
surement has been used many decades for submerged soils and sediments.
Eh is determined by placing a simple platinum electrode into the 
soil, measured against a reference electrode with a high impedance 
voltmeter such as a pH meter. A reference electrode is usually a 
saturated calomel electrode which gives a potential of 244 mV. Some 
other reference electrodes such as Ag-AgCl (.IN HC1, E - 281 mV), 
normal calomel (1M KC1, E° = 280 mV) can also be used.
Because soils contain many negative charges, a direct insertion 
of calomel electrodes to measure Eh or pH creates a liquid-solid, 
undesirable junction potential. This problem can be decreased by 
placing the calomel in a supernatant.
III.5. Platinum Electrode
To measure the oxidation-reduction state of a system, an inert 
metal is used for sensing electron interchange of the system through 
its surface. Either platinum, gold, or graphite can be employed for 
Eh measurements. Platinum electrodes, however, seem to be the most 
favorable and popular in use.
In order to save the Pt because of its high cost and in order to 
make the electrode able to measure in a specific site, the Pt electrode 
is intimately joined with another high conductance metal and the latter 
is covered completely with a waterproof substance. In general, a Pt
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wire is fused in the end of a pyrex glass tube with 0.5 to 1 cm length 
of the wire being outside and inside of the tube. Since Pt is unlike- 
ly to be absolutely sealed with pyrex glass, a sealant such as resin, 
wax, or a glue is required. However, soft glass instead was recom­
mended by Ponnamperuma (1972). The lead (soft) glass has been said to 
fuse absolutely with a Pt wire (a glass blower, personal communica­
tion), so that a sealant is not required. Inside the tube a few drops 
of mercury is added to provide electrical contact with a copper wire 
connecting it to the voltmeter. At present, commercial-type electrodes 
of a composite Pt-calomel are available.
111.6 . Cleaning of Pt Electrode
When a Pt-metal surface is covered by another substance and the 
electrode reads incorrectly, the electrode is poisoned. The formation 
of Pt oxide or Pt sulfide or an occlusion of the Pt surface by com­
pounds of other metals and organic colloids have been attributed as 
causes of Pt poisoning.
To clean Pt electrodes, Ponnamperuma (1972) has recommended a suc­
cessive rinse of detergent, 1M HC1, and distilled water. Many workers 
prefer scraping, whereas some use the electrolytic method. Checking 
of newly-made Pt electrodes against standard buffer solutions should 
be done continuously for several days.
111.7. Checking of Pt Electrodes
A Pt electrode should be checked against a standard redox buffer 
just before use. A solution of 0.0033 M KaFe(CN)b and 0.0033 M 
K4Fe(CN)b in 0.1 M KC1, which has Eh of 0.430 V at 25°C (Zobell, 1946),
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or a suspension of pure quinhydrone in 0.05 M potassium acid phtalate, 
which has an Eh of 0.463 V at 25°C, can serve as standards.
Quinhydrone is a slightly soluble molecular compound of hydro- 
quinone and quinone in a ratio of 1:1. When quinhydrone is dissolved 
in an acidic solution of low ionic strength, approximately equal 
concentrations of quinone and hydroquinone are present in solution.
The quinhydrone half cell is Reduction:
CblUOi. + 2H+ + 2e- -► CbHbOii (E°red = +.700 V.)
By combining this half cell with the saturated calomal electrode 
(E = .244V), the former, which has higher electron affinity or reduc­
tion potential, will be reduced. On the contrary, the saturated 
calomel, which has higher electron pressure or oxidation potential, 
will be oxidized. The calomel half cell is Oxidation:
2Hg + 2C1" ■» Hĝ Cli- + 2e- (E0qx = .280 V)
The combination gives a cell corresponding to:
Hg, HguCli-, KCl(satd) H+(a _ xy  quinhydrone, Pt 
The complete cell reaction for one equivalent of charge is:
Hg(l) + Cl"(a = 3 g935) + h C M z  + H+(a = x) + fcCbHbOa + tfgaCljiCs) 
The Q term is:
(CbHbOaAHgzCl*)^
Q =-------- r---- t-----  , (aCl = 3.9935)
(CbH4 0 ^)%(Hg)(cr)(H+)
This formidable combination reduces to: Q = ^
(H )
The Nernst Equation for the cell at 25°C is:
E = E° i + E° . - 0.0592 logox cal. red quin* )
= -.2800 + .7000 + .0356 - .0592 pH 
E = -.2444 + (.7000 - .0592 pH)
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E meter = (quin, potential at a given pH) - (cal. potential)
For example, when a small amount of solid quinhydrone is added 
to a buffer solution of pH 4.0, the potential of the quinhydrone half 
cell will be +.463 V and the voltmeter will read +.219 V. With a
buffer of pH 7.0, the quinhydrone potential will be +.285 V and the
meter is to read +.041 V. The generalization of the above equation 
is:
E * = Eh - E j.meter measure reference
so Eh = E . + E , [17]measure meter reference 1 J
That is, the Eh of the test system is equal to the EMF of the voltmeter
plus the potential of the reference electrode.
For example, in measuring the Eh of a soil (either bulk or paste 
or suspension or solution) with a saturated colomel as reference elec­
trode: when the meter has read -.200 V, i.e., the system has the po­
tential of +.044 V.
III.8. pe
Sillen (1967) has suggested that it is more logical and more con­
venient to use pe instead of Eh in the study of redox equilibria. The 
common reagent in redox equilibria is the electron and, according to 
Sillen, should be treated like other participating species. The pe is 





pe = -B -k B-a  [18]
.059
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Truesdell (1969) showed several advantages of using pe in redox 
equilibrium calculations. Most soil systems consist of aqueous envi­
ronments in which the dissociation of water into (g) or 0 (̂g) imposes 
redox limits on soils. On the reduced side, the redox limit is given 
by the reaction:
H+ + e- = J&,(g). [19]
Thus, K =
(H )(e-)
or log K = % log Hz(g) - log (H+) - log (e-).
The equilibrium constant ( k )  for this reaction is defined as unity, 
thus the equation becomes:
pe + pH = log Hj-(g) [20]
At 0.1 MPa (1 atm) of H* the Eq. [20] reduces to:
pe + pH = 0 [21]
On the oxidized side, the redox limit of aqueous systems is given by 
the reaction:
H+ + e- + fc02 (g) = %HssO [22]
The equilibrium expression for this reaction is:
K = 1
CH+)(e-)(02 ) 4  
-log (H+) - log (e-) - ilog 0* =20.78 
or pe + pH = 20.78 + ^log 0% [23]
Thus when 0^ is 0.1 MPa (1 atm):
pe + pH = 20.78 [24]
When pe is plotted against pH for reactions [21] and [24], two
lines with an equal slope of 1 will be obtained. The redox values on
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the lines at which pe + pH are 0 and 20.78 represent the most reduced 
and most oxidized, respectively. Any of the redox systems in the 
aqueous environment will be limited between this (pe + pH) range. A 
system which is in equilibrium with the atmosphere (0.02 MPa of P0Z) 
is represented by the pe + pH of 20.61.
Aside from O^-H^O and H^0-H^ couples, the other important inorgan­
ic redox couples are NOa-Nu, MnO^-Mn‘i+, Fe(0H)a - Fe2+, S0i[ -HzS, and
CO^-CH^ Among the last five couples, only the C0 i.-CH4 system has an
.f
equal number of H and e- associated in the reaction as shown below:
C0*(g) + 8H+ + 8 e- -> CH4 (g) + 2^0 (log K °  = 22.91)
(PCH4)
(PC0*) (H+ ) 14 (e-) “
22.91 = log(PCH4 /PC02) + 8 (pe + pH)
pe + pH = 2.86 - .007 log [25]
(PCQz)
From the pe pH diagram, on the same pe + pH line the ratio of 
PCH4 /PC0i- is constant. At the pe + pH value of 20.61 at which PC0i< 
is 10"4*b MPa (lO^^atra), the PCH4 is lO’ ^ 4 0 MPa (10_2 5 3 9 atm). At 
pH 7, CO2 is unstable and is reduced to CH4 at Eh about -.250 V
(Patrick and Reddy, 1978). These values of pH and Eh are converted to
pe + pH of 2.76. At this redox state, the PCH4 /PC0^ ratio should be 
10i4. If PCOu in a reduced flooded soil is assumed to be 10 MPa 
(10 ^atm), the partial pressure of the CH4 will be 1011 MPa (10 
atm). Such a high pressure will not likely be found in soils or sedi­
ments because the gas will bubble up at far lower pressures. Methane
is known to escape from marsh areas where organic matter is abundant 
and highly anaerobic conditions prevail (Lindsay, 1979).
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In the Fe(OH)a - Fe2* system, 3 moles of H+ per 1 mole of elec­
trons are associated in the reaction:





log Fe2 = 15.74 - (pe + 3 pH). [26]
The problem is that if pe is plotted against pH, the line obtained 
will have a different slope from that of the O^-H^O systems, and the 
redox state (pe + pH) cannot be defined. Lindsay (1979) manipulated 
this by partitioning the protons associated with the redox component 
of the reactions from those associated with the pH dependency of the 
reduced species. In this case one proton is associated with the reduc­
tion of Fe2* to Fe2*, whereas the other two protons are associated with 
the 100-fold change in Fe2* with pH. The reaction is expressed as:
log Fe2* = 15.74 - (pe + pH) - 2 pH [27]
He then plotted log activity of Fe2* against pH. In a given redox 
status (pe + pH), a change in Fe2* is dependent on pH. For instance, 
Fe(0H)a in the soil is unstable when Eh decreases to 150 mv at pH 7 
(Patrick and Reddy, 1979) at which the redox parameter pe + pH is 
9.54, the predicted Fe2* will be 10 mol L 1 or 1 |Jg L 1. On the 
other hand, of the same pe + pH at pH 4, the predicted Fe2* should be 
10 mol L 1 or 887 mg L 1.
In the oxidation-reduction process, evidence has shown that one 
electron is carried in a hydrogen atom; i.e., the neutral hydrogen
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atom or nascent hydrogen (H) is transferred through the electron chain
A  A
series. So the redox parameter pe + pH can be termed "pH" where H is 
is equal to (H+)(e-).
For Mn0 2 -Mn2+ system, according to Lindsay (1979), two protons 
are associated with the reduction of Mn4+ to Mn2+, and the other two 
protons are associated with the 100-fold change in Mn4+/Mn2+ ratio 
with pH. At a given pe + pH, Mn2* varies due to pH.
In S0| -H2S couple, 8 protons are associated with the reduction 
of SOf to H2S, and the other two protons are associated with the 
100-fold change in S0| /H2S(aq) ratio with pH. At a specific redox 
parameter pe + pH, a change in the S0| /H2S(aq) ratio is dependent on 
a change in pH.
In the denitrification process, 10 protons are associated with 
the reduction of 2 moles of nitrate to 1 mole of N2 gas, and the other 
2 protons are associated with the 1 0 0-fold change in (N0 3 )2/PN2 ratio 
with pH. At a given redox status pe + pH, (N0 3 )2/PN2 is dependent on 
pH.
Among the redox couples noted, Fe(0H)3~Fe2+, Mn(0H)2 -Mn2+, S0| 
-H2S and NO3-N2 are involved with protons in excess of electrons. 
Because the iron system has the greatest proton-electron ratio (= 3) 
and because iron is much more abundant in soil than any other redox 
system, iron system is recognized of having the most prominent role 
in giving a rise in pH upon soil reduction and a decrease in pH upon 
soil oxidation.
III. 9. pH
pH is a determination of hydrogen activities which can be measured
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by using of a H+-sensitive electrode. The glass electrode which is 
comprised of a Ag-AgCl-HCl and Li silicate membrane is popular for pH 
measurements. The Ag-AgCl with 0.1 M HC1 gives a potential of .281 V.
In pH measurement a reference electrode is required. The reference 
electrode can be either one of 0.1 M KC1 calomel (E = .336 V), 1 M KC1 
calomel (E = .280 V), saturated-KCl calomel (E = .244 V), or 0.1 M HC1 
Ag-AgCl (E = .281 V). Although the KCl-saturated calomel is more sen­
sitive to temperature change than the others, laboratory personnel 
usually prefer it because it is easy to maintain. A single probe, 
combination glass-calomel electrode is now available with many pH 
meters. The narrow diameter of the probe permits its use with volumes 
of only a few milliliters.
The principle of the glass electrode is that a thin glass membrane 
separates two solutions of different H+ concentrations; a very small 
electrochemical potential arises across the membrane. Exactly how 
the potential originates is not well understood, although it is un­
doubtedly a consequence of interaction between two adjacent surfaces 
of adsorbed H+ ions. The potential is linearly proportional to the 
difference in pH and can be measured if suitably amplified. With the 
development of the modern voltmeter, the use of this principle for pH 
measurement becomes a reality.
If the solute is an ion such as H , which unequivalently distri­
butes across a H+ selective membrane, two potential gradients are in­
volved; the chemical potential gradient which depends on the concen­
tration distribution, and the electrical potential gradient which 
depends on charge distribution. These forces acting on the H+ ions 
create the combined effect that is called the electrochemical potent­
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ial gradient. Thus the total forces acting on the ion are chemical 
potential plus electrical potential. When the H+ ions attain passive 
equilibrium across the membrane, the electrochemical potential of the 
outer solution will be equal to the inner solution. Thus it may be 
written as:
u + nFE = p. + nFE. [28]o 0 1 1
where po and are chemical potential in outer and inner solutions, 
respectively, and E0 and E^ are electrical potentials at outer and 
inner membranes, respectively. Since the chemical potential is de­
fined as p = RT In a; therefore,
RT In a + n F E = RT In a. + n F E.0 0 1 1
Thus,
E - E = E = RT In ^o [29]
nF a. i
At 25°C, E = 0.059 log aQ/ai [30]
Where aA and a. are the activities of H outside and inside of theo 1
membrane, and E is electrical potential different across the membrane.
The potential across the glass membrane can be closely calibrated to 
the approximate value of the H+ activities.
III. 10. Measurement of pH
In pH measurement, generally a glass electrode is used together 
with a saturated calomel. Thus the relationship can be arbitrarily 
written as:
^Ag-AgCl + a®o  ̂ ^ calomel = E meter.
When a standard buffer is used as an outer solution, the equation is:
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V A g C l  '  Eca1' + ° - ° 59 l0g ^ 2 ^  = E meter std.
(a«t)
And when a test solution is used as an outer solution, the equation 
becomes:
^ A g - A g C l  - Ecal. + .059 log (aH^est) = E meter test.
(aH+)
By subtraction between the two equations, we get:
.059 (log H+std - log H+test) = E meter std - E meter test
or
pHtest - pHstd = E meter std - E meter test [31]
.059
Incidentally, pH 7 is calibrated to 0 V; therefore, we get:
pHtest = 7 - E meter test (in mV) [32]
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For example, the meter has read 177 mV, thus the pH will be
pHtest = 7- 177 = 4 
“59
However, in practical use the calculation is not needed because the 
meter is already calibrated in the pH scale.
IV. Solution Chemistry of Flooded Soils
IV. 1 . Redox Chemistry in Flooded Soils 
Ponnamperuma (1972) noted that the single electrochemical property 
that serves to distinguish a submerged soil from a well-drained soil 
is its redox potential. The low potentials (< .2 to .4 V) of submerged 
soils and sediments reflect the reduced state, the high potentials (>
.8 to .3 V) of aerobic media, their oxidized conditions.
When an aerobic soil is submerged, its redox potential (Eh)
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decreases during the first few days and reaches a minimum; then it 
increases, attains a maximum, and decreases again after 8 - 1 2  weeks 
of submergence to a value characteristic of the soil (Ponnamperuma, 
1955, 1965; Motomura, 1962; Yamane and Sato, 1968). The rapid initial 
decrease of Eh is apparently due to the release of reducing substances 
accompanying oxygen depletion before manganese and iron oxide hydrates 
can mobilize their buffer capacity (Ponnamperuma, 1972). According to 
Yamane and Sato (1968), the first minimum potential can be as low as 
-420 mV and can be accompanied by the evolution of hydrogen.
The course, rate, and magnitude of the Eh decrease depends on the 
kind and amount of organic matter, the nature and content of electron 
acceptors, temperature, and the duration of submergence (Ponnamperuma, 
1972). Organic matter increases the velocity of reduction but does 
not necessarily produce significantly lower ultimate potentials 
(Gambrell and Patrick, 1978). The second drop in Eh is said to be
faster in soils deficient in iron compounds and clay (Takai et al.,
1957). In soils deficient in decomposable organic matter and in those 
with a large amount of nitrate and manganese dioxide the second fall 
of Eh is retarded (IRR1, 1965; Yamane and Sato, 1973). Low tempera­
tures (Yamane and Sato, 1961) and acidic condtions (Yamane, 1953) also 
retard the fall of Eh. The evidence indicates that Ehy of flooded 
soils does not go below -0.30 V except where hydrogen is evolved 
(Yamane, 1978).
Patrick and Mahapatra (1968) have subdivided oxidation-reduction 
states of soils into four ranges:
(1) Areated (well-drained), Eh = +700 to +400 mV
(2) Moderately reduced, Eh = +400 to +200 mV
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(3) Reduced, Eh = +200 to -100 mV
(4) Highly reduced, Eh = -100 to -300 mV
When a well-drained soil is submerged, it undergoes reduction and 
the Eh drops to a stable value from +200 to -300 mV depending on the 
soil type and other factors, but the Eh in the supernatant and the 
first few millimeters of the topsoil remains at +300 to +500 mV 
(Ponnamperuma, 1972). The bulk of the plow sole of the submerged soil 
is reduced, but the subsoil (De Gee, 1950; Ponnamperuma, 1955) and 
spots in the reduced matrix (Aomine, 1962), as well as streaks cor­
responding to root channels, may be oxidized (Ponnamperuma, 1978).
Pearsall and Mortimer (1939) examined the surface oxidized layer 
of lake mud in field and laboratory experiments and recognized that 
the color change was near Ehb + 340mV. In paddy soils, Shioiri (1941) 
and Aomine (1962) also recognized the differentiation of the brown 
colored, oxidized layer of a surface soil in the laboratory and in the 
field. Ehb of the oxidized layer was above +300 mV; in contrast, Eh 
of the lower layer was below +300 mV.
With a special apparatus, Patrick and DeLaune (1972) were able 
to investigate the redox profile with depth in a submerged soil column.
When Pt electrodes are inserted into the soil from the start of 
submergnece of air-dried soil, color change occurs in the range from 
Eh/ of -100 to -150 mV (Yamane, 1953).
The utilization of Eh as a tool for characterizing well-drained 
soil is usually not recommended because of the narrow range of Eh 
values encountered in aerated soils, and the poor reproducibility 
caused primarily by a lack of poising of the redox systems in the 
oxidized range (Ponnamperuma, 1955). Patrick (1966) lists three
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factors which combine to make the redox potential the best available 
measurement of the oxidation or reduction status of waterlogged soils:
(1) The range of potential in submerged soils is much wider, 
approximately 1 000 mV as compared to a range of approxi­
mately 300 mV in well-drained soils.
(2) In waterlogged soils the higher concentration of reduced 
components which contribute to the potential result in 
better poising and better reproducibility of the potential 
reading, although poor reproducibility is still one of the 
main limitations of redox potential measurement in water­
logged soils
(3) Oxygen is usually absent from waterlogged soils and methods 
used for the measurement of oxygen content and oxygen 
diffusion rate employed in well-drained soils cannot be 
used in waterlogged soils.
When an air-dried soil is submerged, the diffusion of 0% through 
water will be about 1 0 0 0 0 times less than diffusion in air with equal 
gradients and areas of diffusion (Grable, 1966). According to 
Greenwood (1961), the switch from aerobic to anaerobic respiration 
occurs at the very low oxygen concentration of 3 x 10  ̂M.
Turner and Patrick (1968) observed only a slight decrease in Eh 
values of a soil upon flooding as the 0 * content of the soil air de­
creased from 21% to 4%. However, the sharp decreases in Eh occurred 
as the content declined below 4%.
Where the rate of 0^ diffusion is reduced, some of the other oxi­
dized soil components undergo reduction sequentially; i.e., all of the 
oxidized components of one system will be reduced before any of the
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oxidized component of another system begins to be reduced. Others 
overlap during reduction. The general sequence of reduction was sum­
marized by Patrick and Reddy (1978), based on the work of several 
investigators including Takai and Kamura (1966), Turner and Patrick 
(1968), Connell and Patrick (1968), and Martens and Berner (1974).
Patrick and Reddy (1978) have noted that as the 0* is depleted 
from the soil, NO3 is rapidly reduced. Nitrate reduction begins 
before complete removal of 0 ,̂ but removal of all NO3 does not occur 
until all O2 has been depleted. The reduction of manganic compounds 
to the manganous form takes place during the reduction of NO3 although 
it appears that manganic reduction lags somewhat behind NO3 reduction.
There is some overlap in 0/; or NO3 and Mn4 systems. The onset of
ferric reduction is noted to occur after NOy and Mn4+ reductions.
2 -Unlike reduction of the foregoing oxidized systems, S04 reduction 
2-to S is carried out by obligate anaerobic bacteria. Sulfate reduc­
tion does not occur in the presence of 0̂  and N0a or NÔ .
2-Methane is apparently not produced in soils until most of the S04 
2 -has been reduced to S .
Because Eh varies with pH, citing Eh values without taking the
pH of the medium into consideration is of little value. Many workers
use a Eh/pH slope value to calibrate Eh at pH 6 or 7. Pearsall (1938)
0
used -58 mV (at 20 C). Most Japanese researchers indicate Ehb by
o
using -60 mV (at 30 C).
The approximate redox potentials of the significant inorganic 
redox system in soils have been reported by many investigators. The 
exhaustion of oxygen is believed to occur at Eh;, of +350 mV (Pearsall,
1938; Aomine, 1962), at Ehb of +300 mV (McLean, 1965) and Eh/ of +320
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mV (Patrick and Mahapatra, 1968). The critical potential for nitrate 
reduction is between Eh/ of +200 to +400 mV (Ponnamperuma, 1965) and 
Eh/ of +220 mV (Bohn, 1971).
Manganic manganese is unstable at Eh/ of about +200 mV (Patrick 
and Mahapatra, 1968). Gotoh and Patrick (1972) have found that manga­
nese is almost completely reduced at Eh*, of +500 mV; at pH between 
6 and 8 most of the reduction took place at relatively lower Eh of 
+200 to +300 mV.
Ferric iron has been reported to be unstable at Eh/ of about +120 
mV (Patrick and Mahapatra, 1968). Gotoh and Patrick (1974) have ob­
served that the critical Eh for iron reduction is between +300 mV and 
+100 mV at pH 6 and 7, and -100 mV at pH 8 , while at pH 5 appreciable 
reduction occured at +300 mV.
Connell (1966) found that sulfate began to be reduced when the 
potential fell to an Eh/ of -150 mV. Cappenberg (1974) reported that 
the maximum population of methane-producing bacteria occurs between 
-250 to -300 mV. It is generally believed that most of the sulfate 
must be reduced to sulfide before methane production begins.
Yamane (1978) has noted that NOy and MnO^ raise soil Eh remark­
ably and are capable of preventing S0$ reduction and CH4 formation.
On the other hand, the addition of S0$ which belongs to a system 
having a lower Eh, has little or no effect on the increase in soil Eh 
and on CH4 formation. Yamane and Koseki (1976) reported that in the 
case of iron compounds, only the addition of the newly-formed Fe(0H)a, 
which belongs to the system having a higher Eh, had some effect on the 
rise of Eh, whereas other iron compounds had little or no effect.
Asami and Takai (1970) found that newly formed hydrate iron oxide re­
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tarded CH4 formation.
Redman and Patrick (1965) have demonstrated that additions of 
nitrate to highly reduced soils causes an increase in the potential 
which will not fall to its previous value until all the nitrate has 
been reduced. Most investigators working with reduced soils have 
observed that appreciable amounts of ferrous iron appear only after 
nitrate disappears.
The influence of soil factors on Eh changes have been summarized 
by Ponnamperuma (1972) as follows:
(a) soils high in nitrate (> 275 ppm) have positive potentials 
for several weeks after submergence
(b) soils low in organic matter (< 1.5%) or high in manganese 
(> 0 .2%) maintain high potentials even 6 months after 
submergence
(c) soils low in active manganese and iron (sandy soils) with 
more than 3% organic matter attain Eh values of -200 to 
-300 mV within 2 weeks of submergence
(d) the fairly stable potentials reached after several weeks of 
submergence lie between +200 to -300 mV.
Temperatures above and below 25°C retard the decrease in Eh but 
the degree of retardation varies with the soil (1RR1, 1967,1969; Cho 
and Ponnamperuma, 1971). The retardation of reduction is most pro­
nounced in acid soils and hardly noticeable in neutral soils high in 
organic matter (Ponnamperuma, 1972).
Eh of Soil, Soil Solution, and Soil Suspension
Aside from the variation of Eh due to the values being uncorrected
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for differences in pH, the Eh values vary considerably among those ob­
tained from the measurements of soils, soil solution, and soil suspen­
sion. The observation (IRRI, 1966, 1970; Ponnamperum, 1972) that at 
the early stages of reduction, soil Eh may be higher than solution Eh, 
may point to CO*. effects. Rowell (1981) has noted that in some ins­
tances the Eh in suspension is found to be higher than in the extracted 
solution. This may result from higher CÔ  concentrations in the sus­
pension, which lower pH and increase Eh, or from the decreased pH close 
to the surface of negatively charged particles which would increase Eh.
Later when the soil is reduced, solution Eh is far higher than 
soil Eh. Solution Eh of reduced soils usually ranges from -1-200 to 0 
mV and rarely drops below -50 mV (Ponnamperuma, et al.,1966; Ponnam­
peruma, 1972). By contrast, reduced soils and lake and ocean muds give 
potential of 0 to -300 mV with occasional plunges to values as low as 
-400 mV (Baas-Becking, et al., 1960). Since the liquid junction poten­
tial error accounts for only about 25 mV, other explanations have been 
suggested (Ponnamperuma, 1972).
Brook et al. (1968) noted that the Eh of marine mud cores were 
about 200 mV lower than their intersitial waters. They attributed the 
low mud Eh to some interactions between the electrode and mud.
Sato and Yamane (1973) also reported that Eh of soil was 300 to 
400 mV lower than that of solution from which separated without any 
contact with air at the ultimate state of Eh. The differences between 
soil and solution Eh's may be due to the presence of an oxidant or re- 
ductant in the solid phase (Bohn, 1968; Ponnamperuma, 1972).
Patrick determined Eh of a soil water suspension in a special ap­
paratus that controlled Eh and pH. He and his associates made several
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studies on the relationships between Eh, pH, and reductive reactions 
(Patrick, 1964; Patrick and Turner, 1968; Turner and Patrick, 1968;
Connell and Patrick, 1968; Gotoh and Patrick, 1972, 1974; Engler and 
Patrick, 1973; van Cleemput et al., 1976).
Though their natures are not fully understood, solution Eh is 
quite different from soil Eh; but suspension Eh seems to be similar to 
soil Eh, as far as experimental values are concerned. In suspension 
Eh, electrons are more accessible to the electrodes than in soil Eh.
In this respect suspension Eh is similar to solution Eh, but it can 
have quite different values (Yamane, 1978). Although the soil Eh can 
not have precise thermodynamic significance because of the heterogene­
ity problem, it is useful in describing the state of reduction of 
waterlogged soils (Ponnamperuma, 1972; Rowell, 1981).
Redox Potential in Flooded Acid Sulfate Soils
As mentioned in the Introduction there have been a few studies of 
the effect of a redox potential on the chemistry of acid sulfate soils.
Thus, I will review this matter briefly.
Attanandana (1982) found that both liming and leaching hastened
*
a drop in Eh of a submerged acid sulfate soils in Thailand (Sulfic 
Tropaquepts) as compared to the untreated control; a young acid sul­
fate soil from Vietnam (Typic Sulfaquept) showed the effects of lime 
and leaching on Eh reduction more dramatically than the Thai soil.
Toure (1981) reported that liming decreased Eh of submerged acid 
sulfate soil faster and to a greater extent than the unlimed treatment. 
Incorporation of green manure had the same effects but to a lesser 
degree. He concluded that the relative consistency of pH and Eh with
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time in the control illustrates the general sluggishness of acid sul­
fate soils to undergo reduction upon submergence. This may be explain­
ed by the weak microbiological activity, the high initial acidity, and 
by the presence in these soils of numerous mineral systems buffering 
pH and Eh. In the present case, basic sulfates probably play an impor­
tant role in keeping the pH low.
Vangnai and Chantadisai (1983) reported that the Eh of an extreme­
ly acid sulfate soil decreased reaching 0 and -130 mV after 2 and 4 
months, respectively. The initial sulfide formation began between 2 
to 3 months after submergence.
IV. 2. pH Chemistry in Flooded Soils
Ponnamperuma (1972) noted that when an aerobic soil is submerged, 
its pH decreases during the first few days, reaches a mininum, and 
then increases asymptotically to a fairly stable value of 6.7 - 7.2 a 
few weeks later. The overall effect of submergence is to increase the 
pH of acid soils and to depress the pH of sodic and calcareous soils.
So submergence tends to converge the pH of acid and alkaline soils to 
neutral.
An initial decrease in pH may occur upon flooding even in acid 
soils due to accelerated C0̂ > production by aerobic bacteria. However, 
acid soils eventually increase the pH due to the reduction of iron.
In acid maganiferrous soil, the reduction of reducible manganese takes 
a major part in raising the pH (Ponnamperuma, 1967). It is well known 
that in soils deficient in reducible iron, such as Akiochi soils, the 
pH increase is small but becomes large with the addition of amorphous 
Fe(0H)y (Yamane and Sato, 1973). In soils low in both active iron and
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and manganese, CO* tension may be the dominant factor in controlling 
pH of submerged soils (Ponnamperuma, 1965). The pH of alkaline soil 
is highly sensitive to changes in the partial pressure of CO^ (Whitney 
and Gardner, 1943; Ponnamperuma et.al., 1966). It was noted that 
the reduction of sulfate to sulfide contributes to raising pH of sub­
merged soils at lower redox potentials (van Breemen, 1975).
Although the increase in pH of acid soils is brought about by
soil reduction, the fairly stable pH attained after a few weeks of
submergence is regulated by PCOjj (Ponnamperuma, 1972).
Drainage and subsequent oxidation of submerged soils reverses 
these pH changes (Dennett, 1932), thereby decreasing pH of acid soils 
and increasing pH of sodic and calcareous soils.
As mentioned in the foregoing, it is apparent that two processes 
control the change in pH of flooded soils, oxidation-reduction proces­
ses and the carbonate system. The former process is predominant in 
acid soils whereas the later system is predominant in alkaline soils. 
Ponnamperuma (1967) claimed that the systems which control pH in 
submerged soils are:
(1 ) Fea(0H)u-C0 2 ”Hi»0 in acid ferruginous soils
(2 ) MnCOa-COa-HzO in acid manganiferrous soils
(3) CaC0a-C0a-Ha0 is calcareous soils
(4) NaaCOa-COa-HjiO in sodic soils.
The pH-buffering action of submerged soils is due to the iron and 
manganese redox systems and carbonic acid (Ponnamperuma et al., 1966, 
1967, 1969). A majority of redox reactions involve either consumption 
or production of H+/0H~ ions (Ponnamperuma et al., 1969; Gotoh and 
Patrick, 1972,1974). Certain soil chemical properties markedly influ-
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ence the pattern of pH change (Ponnamperuma, 1972). If an acid soil 
is low in reducible iron and has high organic content, the pH may not 
attain a neutral value even after several weeks of submergence. The 
increase in pH of an acid soil after submergence depends not only on 
the release of OH ions and the consumption of H ions but also on the 
ratio of H+ ions consumed to electrons consumed (Bostrom, 1967).
Rowell (1981) noted that during the reduction taking place in 
submerged soil, protons and electrons are not used in equal number. 
Protons are removed from the system and the pH will rise. Among the 
couples prevalent in soils, Fe(0 H)3 -Fei!+, MnOij-Mn2*, and S0j£ -H^S use 
protons in excess of electrons and so cause a rise in pH, but NO3 -NO3 
and CO3-CH4 couples produce no change in pH. In many soils there is a 
tendency for the iron couple to predominate, thus giving more effect 
in a rise in pH.
Ponnamperuma (1972) stated that the pH value profoundly influences 
hydroxide, carbonate, sulfide, phosphate, and silicate equilibria in 
submerged soils. The equilibria regulate the precipitation or disso­
lution of solids, the sorption and desorption of ions, and the concen­
trations of such nutritionally significant ions or substances such as 
Al***, Fe2+, HjjS, H3CO3 , and undissociated organic acids.
pH in Flooded Acid Sulfate Soils
Having studied the effects of flooding on the change of pH of 
acid sulfate soils, several investigators agree that the pH of most 
flooded acid sulfate soils increase slowly as compared to normal 
soils and rarely exceeds 6 after 6 months of submergance (Nhung and 
Ponnamperuma, 1966; Tanaka and Navasero, 1966b; van Breemen and
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Pons, 1978). The increase in pH of acid sulfate soils, like in other 
iron-rich soils, is mainly due to the reduction of ferric oxide. The 
slow increase in pH in most flooded acid sulfate soils has been attri­
buted to adverse conditions for microbial reduction, low content of 
metabolizable organic matter, and low content of easily reducible 
ferric oxide (Ponnamperuma, et al.,1973; van Breemen, 1976). Even 
more important may be the high buffer capacity due to dissolved and 
exchangeable aluminum, and adsorbed sulfate, which requires reduction 
of large amounts of iron to produce a significant increase in pH (van 
Breemen and Moormann, 1978). Another process that retards the increase 
in pH of surface soil and floodwater is the dissolved ferrous sulfate 
formed in reduced layers diffusing upward and being oxidized to ferric 
hydroxide and sulfuric acid near the soil surface (van Breemen and 
Pons, 1978).
van Breemen and Moormann (1978) noted that reduction of Fe(0H)a 
was linked with the consumption of acidity from adsorbed aluminum, 
which is the dominant form of soil acidity in most moderately acid 
soils. In acid sulfate soils, however, an important part of acidity 
is adsorbed sulfate, basic iron and aluminum sulfate (and also adsorb­
ed Al). This makes the consumption of Fe(OH)a in acid sulfate soils 
required to increase a unit pH greater than other soils. Generally, 
the pH at the surface of potential acid sulfate soils (Typic Sulfa- 
quents) is about 5.5 to 6.0, but may drop to values around 2 and 3 if 
the soils are allowed to dry and oxidized abruptly (van Breemen,
1972b). When the soils are oxidized and turn into young acid sulfate 
soils (Typic Sulfaquepts), pH of the soils generally are around 3.0 to 
3.5 (van Breemen, 1972a). The older acid sulfate soils (mostly Sulfic
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Tropaquepts) have pH usually higher than 4.0 . van Breemen (1972a) 
noted that the relatively high pH-values in the surface soils of the 
older acid sulfate soils might result from a combination of factors:
(1 ) The disappearance of jarosite
(2) The slow back titration of the soil acidity by weatherable 
minerals still present
(3) The effect of fresh sediment and dissolved alkalinity in 
the flooding water
(4) The application of lime as a soil amendment. On the contrary, 
during the dry season the capillary rise of an acid soil 
solution brings about an opposite effect.
Singh (1981a) reported that the pH in a submerged young acid sul­
fate soil, with the initial pH of 3.1, did not increase after four 
weeks of inundation. When 400 kg of lime ha 1 was applied on the wet 
surface without incorporation, the pH increased to 4.6. He concluded 
that a tiny amount of lime in fact helped in starting the microbial 
reduction process.
Ponnamperuma et al.(1972) limed 3 different acid sulfate soils to 
the aerobic pH of 5.5; after submergence, the pH of one soil increased 
rapidly to 6 within one week, whereas the pH of the other two increased 
very slowly. Singh (1981b) reported that pH's in the supernatant and 
leachate of a submerged acid sulfate soil, with an aerobic pH of 3.5, 
increased to 4.0 and 5.8, respectively, after 1 0 weeks of incubation.
Broomfield (1972) found that the pH of the limed young acid sul­
fate soils (42 t CaCOa ha 1) incubated for 10 months in columns under 
submerged conditions were increased to near neutral at 0 to 15 cm, de­
creased at the middle depth, and increased again at 50 to 76 cm, where-
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as the unlimed soils at all depths did not show significant differences 
from the initial pH. Attananada and Vacharotayan (1981) reported that 
liming an extreme acid sulfate soil in Thailand with 13 t CaCOa ha 1 
increased the pH from 3.9 to 4.8 . Attananada (1982) found that both 
leaching and liming, followed by submergence increased the pH of a 
young acid sulfate soil significantly over that of the control, whereas 
for two older acid sulfate soils, the pH was not different from that of 
the control.
IV. 3. Iron Chemistry in Flooded Soils
The chemistry of flooded soils is dominated more by iron than by 
any other element . The major reason for this dominance is the large 
amount of iron that can undergo reduction, usually exceeding the total 
amount of other redox elements by a factor of 10 or more (Patrick and 
Reddy, 1978). In soils that undergo seasonal flooding and draining, 
the reduction and oxidation of iron compounds are cyclic. The reoxida­
tion of the reduced iron enables its oxidized form to buffer the redox 
potential at intermediate value for an appreciable time during the 
next flooding period (Patrick and Reddy, 1978).
The reduction of iron is a consequence of the anaerobic metabolism 
of bacteria and appears to be chiefly a chemical reduction by bacterial 
metabolites (Broomfield, 1951; Motomura, 1961), although direct reduc­
tion coupled with respiration may be involved (Kamura et al., 1963;
Otto and Glathe, 1971). In either case it is likely that complexing 
of iron with organic chelates plays an important role in bringing the 
iron into solution where it is more reactive (Patrick and Reddy, 1978).
Reduction of ferric iron is important in providing adequate Feli+
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for the nutritional requirements for rice plants. However, if a high 
concentration of Fe2+ exists in combination with low pH, toxicity to 
the plant can result (Ponnamperuma, 1972).
A rapid rise in ferrous iron in a flooded soils is favored by:
(1 ) the absence of substances of a higher level of oxidation such as 
O2 , NO3 , MnC>2 ; (2) the presence of readily decomposable organic matter;
(3) a good supply of active iron (Ponnamperuma, 1965) or low degree of 
crystallinity of iron oxide (Asami, 1970); (4) an optimum temperature 
(Ponnamperuma, 1972); (5) a low initial soil pH; (6 ) a favorable nutri­
ent status (van Breemen and Pons, 1978); and (7) a high salinity status 
(van Breemen and Moormann, 1978) (high salinity depresses pH and lowers 
the activity coefficient of Fe2+, resulting in relatively high concen­
trations of Fe2+).
Ponnamperuma (1972) noted that the reduction of iron has important 
chemical consequences:
(1 ) the concentration of water-soluble iron icreases;
(2) the pH increases;
(3) cations are displaced from exchange sites;
(4) the solubitities of P and Si increase;
(5) new minerals are formed.
The reduction of iron oxides releases sorbed trace elements such
as Zn, Cu, and Mo (Jenne, 1977). The increase in concentration of
water-soluble Fe2+ displace K+, Na+, NH4 , Ca2+, and Mg2+ from exchange
sites, and also increases specific conductance (Ponnamperuma, 1978).
The cations displaced may be lost by leaching or by surface runoff
2+while the supply of Fe is maintained by the dissociation of 
Fe3<)4 *nH2 0 (e.g. Fe3 (0H)g). On drying and oxidation, the soil is
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acidified; and in the long run, the soil may be ferrolyzed (Brinkman,
1970). Kawaguchi and Kawachi (1969) claimed that an increase of Ca 
eluviation in flooded soils was due to the exchange of Ca3* by Fe2*. 
Ferrous ions occupied considerable parts of exchange sites, but after 
air-drying, exchangeable Fei!+ disappeared and Al3+ and H+ increased 
(Ponnamperuma, 1978).
Gotoh and Patrick (1974) found that increases in water-soluble 
and exchangeable iron were favored by decreases in both redox potential 
and pH. They also noted that the distribution between water-soluble 
and exchangeable iron fractions was highly pH dependent. At a given 
redox potential, a decrease in pH increased the relative amount of 
ferrous iron in the soil solution at the expense of that on the 
exchange complex.
The most dramatic change that occurs when a soil is submerged 
and its Eh falls, is the reduction of Fe(III) to Fe(II). Consequently, 
the soil color changes from brown to gray. The grayish color of 
submerged soils is attributed to iron sulfide and probably hydrated 
magnetite (FeafOH)^) along with some hydrotroilite (FeS*nHi-0) (Ponnam­
peruma, 1972). He also noted that if anaerobic conditions persist, 
these precipitates may age, producing the typical minerals of reduced 
sediments: magnetite (Fe^) and pyrite (FeŜ )* Also, Fe(II)
silicate, siderite (FeCOy), and vivianite (Fe;}(P0 4 )2 *8H;4 0) may form 
(Rankama and Sahama, 1950; Rode, 1962; Rosenquist, 1970).
Because acid is consumed, the reduction of Fe(OH)y to Fe3+ causes 
an increase in pH. The pH normally reaches a value between 6.4 and 7 
within 2 to 5 weeks after flooding (Ponnamperuma, 1965). In most acid 
soils, Fe3+ increases to 100 - 600 mg kg” 1 in the first 2 to 1 0 weeks
after flooding and later declines to levels between 50 to 100 mg kg 1 
(van Breemen and Moormann, 1978). The curve is particularly steep 
and the peak is high at high contents of reducible iron and organic 
matter. Addition of fresh organic matter hastens the peak and causes 
a more rapid decline in Fe*+ afterwards, and thus a shortened period 
of high Fez content (IRRI, 1976). In some acid sulfate soils, the 
peak values may be as high as 5 000 mg kg 1 (Ponnamperuma, et al., 
1973). Average concentrations of water-soluble iron are highest in 
acid sulfate soils because of high content of reactive iron oxides.
Moderately acid soils give broad, low peaks of Fe'* with final 
values in the order of 2 0 to 1 0 0 mg kg"1, whereas in neutral to 
alkaline soils Fe'* increases steadily to final values of 5 - 50 mg 
kg 1 (IRRI, 1965). Watersoluble Fe2+ has been found to be lowest in 
alkaline soils low in organic matter (Ponnamperuma, 1978). Low temper 
ature retards the peak and broadens the.area under it, but does not 
prevent a later increase in concentration (Cho and Ponnamperuma, 1971) 
Soils high in organic matter but low in iron give peak concentrations 
that persist for several months (Ponnamperuma, 1972).
Ponnamperuma (1965) found 10 000 to 15 000 mg kg" 1 of total re­
duced iron obtained from latosolic rice soils after one month submer­
gence. Redman and Patrick (1965) reported Fe*+ concentration varied 
from 567 to 2 230 mg kg 1 in 26 Louisiana soils which had been sub­
merged for one month, whereas, the amounts of iron extracted from the 
air-dry condition range from 3.3 to 18.7 mg kg”1.
According to Kamoshita and Iwasa (1959) and Ponnamperuma et al. 
(1967), the most commonly occurring iron compounds with definite crys­
talline structures which are likely involved in the redox equilibria
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in flooded soils may be Fê O-j (hematite), Fe(0H)a (ferric hydroxide), 
and FeafOHJij (ferrosoferric hydroxide). Gotoh and Patrick (1974) 
noted that a-FeOOH (goethite), y-FeOOH (lepidocrocite), and Fe^H^'H^O 
(hydrated ferric oxide gel) might also be important solid phases.
Patrick (1978) stated that the forms of iron important in redox reac­
tions are largely mixtures of X-ray amorphous material and Goethite 
with the activity products (PQ) ranging form 37.3 to 43.3, respectively.
He also noted that although there are variable compositions of ferric 
hydroxides in aerated soils, the formula Fe(OH)^ can be represented 
fairly well, which may express the relationship among Fei£+ activity, 
pH, and redox potential by using the Nernst equation as:
Eh = 1.057 + .059 pFeii+ - .177 pH (amorphous) [33]
and
Eh = 0.693 + .059 pFez+ - .177 pH (crystalline) [34]
By measuring FeiJ+ activity in the controlled pH-Eh of stirred soii 
suspension, Gotoh and Patrick (1974) claimed that the Feii+ activities 
were intermediate between the value predicted by Eq. [33] and [34].
Ponnamperuma et al. (1967) noted that the most likely couples 
that control the relationships among Eh, pH, and Fe2 activities are 
Fe(0H)3-Fe*+, Fe3 (0 H)Ji-Fe1J+, and Fe(0H)^-Fea(0H)a. By measuring the 
soil solution of 32 flooded soils, they concluded that the relation­
ships conformed remarkably well to the first couple during the entire 
period of submergence, and to both the second and the third couples 
after the peak of water-soluble Fe'** had been reached. This and other 
evidence indicate that Fe;j(0H)« becomes dominant after a few weeks 
of waterlogging when the pH is high enough.
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Fate of Iron in Flooded Soils
The fate of iron in flooded soils may be summarized by the following 
processes.
(1) It may be used by plant and microorganisms through:
a. diffusion and mass flow as dissolved forms,
b. contact exchange (Glauser and Jenny, 1960),
c. chelation by root exudates which may involve the
reduction of iron at the root surface (Leeper, 1970).
(2) Dissolved iron may exist in the soil solution in the forms
of:
a. Fe3+ and Fe(0H)+, predominant at moderate to low Eh and
at pH < 7 for Fe1!+ and at pH > 7 for Fe(0H)+ (Lindsay,
1979),
b. Fe3+, Fe(0H)3+, Fe(OH)*, Fe(0H)4 , all occurring at high 
Eh, and at pH < 2 for Fe3+ (Garrel and Chris, 1965), pH 
2 - 3.5 for Fe(0H)3+, pH 3.5 - 7.5 for Fe(0H)J, and pH 
> 8.5 for Fe(0H)4 (Lindsay, 1979); these species being 
found in considerable amounts in rapidly oxidized 
potential acid sulfate soils (Broomfield, 1972),
c. FeHCOy and salt of fatty acid such as Fe(CHaC00)i; 
(Ponnamperuma, 1972), and Fe(HC0;j)z and FeSC>4 
(van Breemen and Moormann, 1972), all occurring at 
moderate to low Eh but different in pH, PCO*, and S0£ .
(3) Exchangeable iron is found at the exchange sites of clay
minerals and organic colloids in the form of:
a. Fe3+, Fe(0H)+, FeHCOa at moderate to low Eh,
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b. Fe3+, FeCOH)^, Fe(OH)J at high Eh.
(4) Iron may exist in the form of chelates (Takijima, 1964; IRRI,
1971).
(5) Some iron is tied up in iron-organic matter complexes such 
as iron-fulvic acid complex (Yamane and Sato, 1961) and 
iron-humic acid complex (Oldham and Gloyna, 1969).
(6 ) Iron oxides, including complex ions and precipitates, are 
found in the interlayers of expandable clays as in the chlo- 
ritization process (Lynn and Whittig, 1966).
(7) Iron precipitates are found in the form of oxidizable free 
iron compounds such as:
a. Fe(OH)* at moderate to low Eh and pH > 9.5 with low 
PCO*, silicate, sulfide, and phosphate (Lindsay, 1979),
b. Ferrous sulfide at low Eh such as FeS (Mackinawite),
FeS*nH*0 (hydrotroilite) (Ponnamperuma, 1972), and FeS* 
(pyrite) (Pons, 1972; Rickard, 1975),
c. FeCOa (siderite) at moderate to low Eh and high PCO*
(Rankama and Sahama, 1950; Rode, 1962; Rosenquist,
1970),
d. Ferrous phosphate at moderate to low Eh such as 
Fe3 (P0 4 )*’8H* 0 (vivianite) (Ponnamperuma, 1972),
e. Ferrous silicate at moderate to low Eh such as 
greenalite chamosite (Ponnamperuma, 1972).
(8 ) Precipitates or coprecititates exist in the form of oxidore- 
ducible free iron compounds such as:
Fes(OH) 8 (ferrosoferric hydroxide) at moderate to low Eh 
and Fe3 0 4 (magnitite) upon aging (Ponnamperuma, 1972).
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(9) Reoxidized and precipitate iron also exists in reducible forms 
such as:
a. Free ferric oxides such as amorphous Fe(0H)a, ferrihydrite 
(Fe(0H)3), orFeOOH (goethite), yFeOOH (lepidocrocite) (Gotoh 
and Patrick, 1974; Brown, 1954), and hematite (Fê Oa),
b. Ferricoxides occluded with other substances such 
as with aluminum phosphate and with clay minerals 
(Patrick and Mahapatra, 1968).
(10) Fe(II) and Fe(III) existing in the crystal structure of clay 
minerals by an isomorphous substitution process.
Iron in Flooded Acid Sulfate Soils
van Breemen and Moormann (1978) noted that because of the high 
base-neutralizing capacity, acid sulfate soils (young) require large 
amounts of ferric oxide to be reduced to soluble Fe2* to give an 
appreciable increase in pH. The Fe'4+ reacts with S0£ , which comes 
from adsorbed sulfate, iron and aluminum basic sulfate, and pyrite 
(oxidation), to form dissolved ferrous sulfate. This is the reason 
why acid sulfate soils are characterized by a considerable increase 
in dissolved ferrous iron after submergence. Thus, a relatively high 
amount of exchangeable iron is an indication of intense reduction 
(Allbrook, 1927). In contrast, in other acid soils exchangeable Fei!+ 
increases more rapidly than dissolved Fei!+ after submergence (IRRI,
1965). Furthermore, the large amounts of Fe2* appear only after the 
pH has risen above 4.5 - 5. This allows carbonic acid to function 
as a proton donor and results in the formation of dissolved ferrous 
carbonate.
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In some acid sulfate soils, the peak of dissolved iron usually 
persists for a longer peroid of time because the pH is too low for 
iron to precipitate as Fe(OH)ij, and the Eh is too high for FeS preci­
pitation (van Breemen and Moormann, 1978). However, they noted a de­
cline of Fe2+ peak after 2 days submergence of young acid sulfate soils 
soils (reaching the peak of 3000 mg kg" 1 in 1 week) due to Fe(0H)jj pre­
cipitation. Although at the relatively low pH of (6.2), because of 
very high Fe2+ concentration, the solubility product of Fe(0H)u was 
reached. Ponnamperuma (1972), on the other hand, concluded from the 
results of this experiment that the decline of the peak was due to the 
precipitation of Fey(OH)#, and Fe(0H)a was the iron species that con­
trolled the incline. His conclusion was derived from the computation 
of the apparent standard free energy of formations of Fe(OH)# and 
Fea(0H)# based on pH, pe, and pFe2+ of the soil solutions.
Dissolved iron in excess of 300 to. 400 mg kg 1 is toxic to rice 
(Ponnamperuma, et al., 1955). These levels are not normally reached 
in the older Sulfic Tropaquepts, but prevail in higher concentrations 
for many months in flooded Sulfaquepts, especially those high in 
organic matter (van Breemen and Pons, 1978). The older acid sulfate 
soils are generally low in water-soluble and extractable iron 
(Attanandana and Vacharotayan, 1981). Singh (1981) found 200 to 300 
mg kg 1 of ammonium acetate extractable iron in a submerged acid sul­
fate soil.
Liming and leaching of paddy soils have been reported to decrease 
the concentration of water-soluble iron from toxic level to non-toxic 
levels (Attanandana, 1982). Normally, submerged acid sulfate soils 
show little tendency to decrease to non-toxic levels as in most
normal rice soils except when the pH is increased to near neutral by 
liming (van Breemen and Pons, 1978).
Among the treatments found to decrease water-soluble Fe24* in acid 
sulfate soils, liming comes first, leaching second, and MnÔ . applica­
tion third (Ponnamperuma et al., 1972). Toure (1981), on the contra­
ry, reported that at week 8.5, lime and green manure increased Fe2+
3.5 times and 5 times in submerged acid sulfate soils over control, 
resrespectively.
Singh (1981) determined the concentration of dissolved iron in 
supernatants and leachates of acid sulfate soils flooded with brackish 
water and found that at week 18, iron concentrations were 7 - 10 mg L" 
in the supernatant and 1000 to 3500 mg L 1 in the leachate. In the 
later it sharply decreased at week 2 2 .
IV.4. Manganese Chemistry in Flooded Soils
Like iron, manganese is a redox element. The transformations of 
manganese caused by submergence are thought to be similar to those of 
iron. Manganese has six valence possibilities; 0, +2, +3, +4, +6 , 
and +7. Mn^, Mna+, Mn4+ are the common valence states found in soils 
Some compounds contain Mn in two valence forms. The highly insoluble 
oxidized forms of soil manganese exist primarily as oxides of various 
degree of reactivity, while the more soluble divalent ion occurs in 
the soil solution or on the exchange complexes in the soil. The avail 
ability of Mn to plants is largely dependent on the forms of Mn in the 
soil. All forms are in dynamic equilibrium with each other and the 
form of Mn which predominates at any one time is dependent on pH,
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redox status, moisture tension, microbial activity, and temperature 
(Mikkelsen and Evatt, 1966).
Apart from its role as a plant nutrient, Mn plays an important 
part in redox equilibria. Soils high in Mn undergo slow reduction 
(Ponnamperuma, 1965). Reduction of Mn compounds releases trace ele­
ments sorbed on them (Jenne, 1977).
Along with the reduction of NO3 that accompanies 0* depletion in 
a flooded soil, insoluble Mn(III) and Mn(IV) compounds are reduced to 
the more soluble Mn(II) form. An increase in Mni!+ in the soil solution 
and on the exchange complex is one~of the first measurable effects of 
reducing conditions (Patrick and Reddy, 1978). This reduction can be 
either chemical or microbiological although the microbiological reduc­
tion is likely to predominate in flooded soils that are at a pH of
5.5 to 6.0 (Mann and Quastel, 1946; Takai, 1961). Kamura and Yoshida 
(1974) noted that the reduction of Mn by microorganisms was carried 
out by the microbial metabolic products and that general, not specific, 
microorganisms were concerned with Mn reduction. Mann and Quastel 
(1946) claimed that chemical reduction of Mn was caused by organic com­
pounds produced during anaerobic decomposition of organic matter. The 
reduction of Mn is carried out mostly biologically rather than chem­
ically (Yoshida and Kamura, 1974).
Soil pH has a pronounced effect on the transformation of Mn.
Turner (1967) found that low pH values are conducive to reduction of 
Mn while increases in pH above 5.5 bring about conditions favorable 
for oxidation. Fujimoto and Sherman (1948) concluded that aerobic 
oxidation of Mn2+ could take place in a basic medium. Broomfield and 
David (1976) found that the rate of oxidation was highly pH dependent,
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with the maximum rate occurring at pH 6.5 and no oxidation occurrred 
below pH 5 and above pH 7.9.
Leeper (1947) stated that microbial reduction of Mn could take 
place at any pH value if the oxygen tension is low. At the pH below 
5 appreciable amounts of Mn can be brought into solution even in well- 
aerated soil (Adams and Wear, 1957). There are many reports implicat­
ing Mn toxicity on upland crops. Hammes and Gerger (1960) concluded 
that the release of Mn in acid, well-drained soil was due to oxidation 
of organic matter. Patrick and Reddy (1978) noted that the concentra­
tion of Mn^+ in soil suspension is highly dependent on both pH and 
redox potential, except at pH values below 5 where pH alone can control 
solubility. With controlled Eh-pH in stirred suspension, Gotoh and 
Patrick (1972) found that at pH 5.0 the release of water-soluble Mn 
occurred at Eh as high as +700 mV.
After reduction, the Mnii+ ions can remain in solution or be 
adsorbed on the exchange complex if the pH is acid or slightly acid.
For flooded soils with near-neutral pH, the reduced Mnz can also 
precipitate as MnCO^ (Ponnaraperuma et al., 1969) or as oxides and 
hydroxides of Mn(II) (Patrick and Reddy, 1978). This reprecipitation 
accounts for the decrease in solubility of Mn that follows the rapid 
initial increase after flooding. It has been observed that water- 
soluble Manganese nearly disappears at pH values near neutral to 
alkaline. Manganese is also considered to be complexed by soil organ­
ic matter, possibly as chelates (Heintze and Mann, 1949; Hemstock 
and Low, 1957; Walker and Barber, 1960; Page, 1962). Some workers 
consider the Mn in the organic matter fraction to be available to 
plants, others do not. Rivenbark (1961) concluded that orgnaic matter
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did not complex Mn strongly under acid conditions.
Ponnamperuma (1965) reported that in general, water soluble Mn2* 
increased sharply during the first few weeks of submergence and de­
clined thereafter. Ponnamperuma et al. (1969) suggested that the 
steep fall in concentration after the peak was due to precipation of 
MnCOa- Patrick and Turner (1968) suggested a decrease of dissolved Mn 
was due to the expense of exchangeable on water-soluble Mn. Gotoh and 
Patrick (1972) stated that low pH and low Eh were found to increase 
water-soluble Mn at the expense of exchangeable form. Cation exchange 
reactions were apparently important in regulating the equilibria bet­
ween water-soluble and exchangeable Mn. Apart from the precipitation, 
sorption, and adsorption on the exchange complex the of reducing 
milieu, the reduced Mn2* is moved by diffusion or mass flow to oxy­
genated zones where it is reoxidized and reprecipitated as Mn(III) and 
Mn(IV) compounds. Rivenbark (1961) reported the trivalent Mn oxides 
formed in larger quantities and at a faster rate than the tetravalent 
Mn oxides.
Ponnamperuma (1972a) noted that acid soils high in Mn and high in 
organic matter build up water-soluble Mn2* as high 90 mg kg 1 within a 
week or two of submergence and, then show an equally rapid decline to 
a fairly stable level of about 10 mg kg 1. Soils high in Mn but low 
in organic matter also give high peaks but they are late and broad 
like those of Fe2* at low temperatures. Alkaline soils and soils low 
in Mn rarely contain more than 10 mg kg- 1 Mn1** at any stage of submer­
gence .
Manganese is present in anoxic soil solutions as Mn2*, MnHCOa, 
and organic complexes. Its concentration represents a balance between
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the release of Mnz by reduction and the removal by cation exchange 
reactions, sorption, and precipitation to form insoluble complexes.
Leeper (1947) has categorized Mn in soil into four forms; water- 
soluble, exchangeable, reducible, and residual. Unlike iron, which 
forms stable dissolved complexes, soluble mangnaese is present largely 
in ionic forms (Olomu et al., 1973; Gambrell et al., 1975).
After the peak, the concentration of Mn*+ declines. This has been 
attributed to the precipitation of MnCOa, and its concentration con­
forms to:
pH + log Mni!+ + %log Pco^ = 4.4 [35]
(Ponnamperuma, 1972)
Ponnamperuma (1972) commented that the so-called exchangeable Mn ob­
tained from ammonium acetate extraction may sometimes be MnCO^.
Manganous Mn may precipitate in reduced soils with some other anions 
such as phosphate, silicate, sulfide, and hydroxide (Huang and Keller,
1972). Thus, the oxidizable, insoluble Mn should be an additional form 
to be included to the forms categorized by Leeper (1947). As mentioned 
earlier, Mn compounds can be dissolved below pH 5 at any.Eh, the ex­
traction with an extractant of pH lower than 5 in order to get ex­
changeable Mn may include some of the reducible Mn, oxidizable Mn, and 
residual Mn as well. Sherman et al. (1942) determined what they called 
active Mn, which is the sum of water-soluble, exchangeable, and easily 
reducible Mn estimated by 6 -hour extraction of soil with neutral, nor­
mal ammonium acetate. Piper (1931) claimed that the easily reducible 
Mn obtained from a mild reducing extractant such as hydroquinone was 
better criteria for plant uptake of Mn than water-soluble and exchange­
able Mn.
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Reid and Miller (1963) illustrated that approximately 90 percent
i> 4
of the added Mn left the solution in the first 15 seconds of equili­
brium, and this initial rapid reaction was followed by one or more
b 4
slower reactions. They found that 100% of the added Mn, which had 
reached equilibrium with the soil, was recovered in hydroquinone and
0.5 M ZnS04.
Manganese in Flooded Acid Sulfate Soils
Information on Mn chemistry in acid sulfate soils is very limited.
Many workers have named Mn toxicity as one of the causes of low produc­
tivity to rice grown on acid sulfate soils. However, it seems likely 
that no apparent evidence is available on Mn toxicity in these soils.
Nhung and Ponnamperuma (1966) and Ponnomperuma (1966) added 100 kg ha 1
of MnO^ in acid sulfate soils to retard reduction and to counteract
physiologically, Fe and Al toxicities in rice, van Breemen (1972) 
noted that Mn toxicity in rice normally does not take place in acid 
sulfate soils because several other elements occur at relatively high 
levels, including silica (Ginzburg et al., 1961), Al, Fe, and NH4 
(Bruggenwert, 1972). Mn toxicity is also reduced with adequate amounts 
of Ca addition (Horn et al., 1967).
Attanandana and Vacharotayan (1982) reported both total and avail­
able Mn of 0.13% and 58 mg kg 1 for a riverine soil and 0.02% and 15 
mg kg 1 for an acid sulfate soil. Ponnamperuma and Solivas (1981) re­
ported 0.001% active Mn in an acid sulfate soil.
IV. 5. Aluminum Chemistry in Flooded Soils
Aluminum is the most abundant metallic element in the earth's
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crust. Moreover, hydrolysis of the Al ions produces a moderately 
strong acidic environment so that it is not surprising that many of 
the properties of acid soils are controlled by the chemistry of Al, 
except acid sulfate soils in which the pH is controlled mainly by the 
oxidation of sulfide to sulfuric acid (Frink, 1972). As reviewed in 
the earlier section on "pH Chemistry of Acid Sulfate Soils", when the 
soils undergo reduction to an intermediate redox potential, ferrous 
sulfate will diffuse upwards. Some of the sulfate will hydrolyze and 
release H+, whereas some of the ferrous ions are adsorbed by exchange 
complexes. Upon aeration, which subjects the soil to oxidation and 
hydrolysis, the exchangeable Fe becomes a proton doner (Brinkman,
1970). The H+ ions derived from the two sources then occupy the ex­
change complexes of clays. The partial H-clays will decompose rapidly 
to form partial Al-clays (Coleman and Thomas, 1967). Riley and Arnold 
(1969) examined kaolinite, montmorillonite, and seven soils. They 
showed that the amount of exchangeable Al3* produced was controlled by 
the amount of exchangeable H+ present. In acid sulfate soils, decom­
position of H-clays and their subsequent conversion to Al-clays would 
presumably be quite rapid.
Generally speaking, the main sources of acidity in acid sulfate 
soils are in the order of S, Fe, and Al. However, in the surface hori­
zon of older acid sulfate soils where Fe and S are appreciably leached 
out and from where the jarositic and pyritic horizons are too deep to 
be effective, Al is the main retarder in increasing pH just after 
flooding (van Breemen and Pons, 1978). So, the predominant exchange­
able cation in the leached acidic soil may be Al (Russell, 1961).
Different from Fe and Mn, whose solubilities are dependent on both
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pH and redox potential, Al is a non-redox element and its solubility 
normally depends on pH alone. However availability of Al may be af­
fected indirectly by redox reactions. For instance, reduction in­
creases amounts of Fe‘i+ and Mn** which can exchange with Al on the ex­
change complex, or reduction brings about a release of coprecipitated 
Al into soil solution (Patrick and Mahapatra, 1968). Although high pH, 
which is brought about by soil reduction, tends to precipitate Al, 
soluble complexes of Al with phosphate, sulfate, fluoride, and organic 
ligands may also be present in soil solutions under some circumstances 
(Frink, 1972).
Aluminum is believed to form complexes or chelates with soil or­
ganic matter. Aluminum has been reported to form complexes with fulvic 
acid (Schnitzer, 1969) and humic acid (Khan, 1969). Greenland (1971) 
claimed that Al reacted with fulvic acid at pH 4.0 or below and was 
adsorbed in the interlayers of montmorillonite. These bonds, called 
"cation bridges", are rather weak and are readily broken by salt leach­
ing. Aluminum sorbed by organic matter is believed to play an impor­
tant role in soil structure and in the pH-dependent CEC of soils 
(Frink, 1972). The complexation or chelation of Al with organic mat­
ter is believed to be involved in the podzolization process (Schnitzer, 
1969). Huang and Keller (1972) presumed that aluminum may be trans­
ported during weathering in organic complexes but subsequently precip­
itated by anions such as OH , P0jj[ , or Si0$ .
Aluminum may form dissolved complexes with anions. Andriesse et 
al. (1972) found that in acid sulfate soils in Thailand, 21% and 77% 
of the total dissolved Al were AISO4 and A1 (S0 4 )̂ , respectively.
They claimed that the dissolved Al behaved as if regulated by AIOHSO4 .
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Frink (1972), on the other hand, stated that the solubility of Al in 
some acid soils appears to be controlled by the solubility of gibbsite.
Such soils may contain more soluble A1(0H)3, or a polynuclear species 
of Al may be present.
Studies on the activities of dissolved Al in soils are compli­
cated because of the formation of not only complexes with other 
species, but also various hydrolytic products. Frink (1972) noted that 
at low basicities when base is added, a solid phase of Al(0H)a is form­
ed with varying degree of monomeric hydroxyaluminum cations. At high 
basicities, significant amounts of various metastable polynuclear hy­
droxyaluminum cations may be present in solution culiminating in the 
precipitation of A1(0H)3. Studies of the exchange of Al are also com­
plicated by correction for hydrolysis.
In soil, normally dissolved and exchangeable Al exist in relative­
ly small amounts, but are in equilibrium with a relatively large pool 
of nonexchangeable Al including Al aluminum in interlayers of expand­
ing clays, oxide coatings, and organic matter complexes (Frink, 1972). 
Pionke and Corey (1967) have defined the "non-exchangeable acidic Al" 
as the difference between Al extracted by pH 4.8 NH4OAC and extracted 
in 1 M KC1. The non-exchangeable Al reaches a maximum in soils at 
about pH 5.0 and decreases in more acid or alkaline soils.
According to Frink (1972) when an acid soil is neutralized at 
least three reactions occur, and correspond roughly to the various 
inflection points observed in the titration of acid clays. First, 
exchangeable H is neutralized; most soils contain little H except in 
some acid sulfate soils. Next, exchangeable and nonexchangeable Al 
are neutralized over a pronounced buffer range; the buffer range is
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assumed to be centered at pH 5.0. The final stage of neutralization 
involves the H bond at the edge sites of clay minerals and the weak
acid groups of soil organic matter. The latter buffer ranges, above
about pH 5.5 - 6.0, creates pH-dependent CEC.
From the foregoing reviews, the forms of Al in soils can be sum­
marized as follows:
(1) dissolved Al including monomeric Al and polynuclear Al which 
forms as either hydrolytic ligands or nonhydrolytic ligands, 
with other species, and with organic matter as chelates,
(2) exchangeable Al including monomeric Al and polynuclear Al 
adsorbed on exchange sites of clays,
(3) non-exchangeable Al in form of hydroxyaluminum interlayers 
of expanding clays,
(4) solid compounds of Al in forms of oxide, hydroxide, 
phosphate, silicate, acid sulfate, basic sulfate, and so on 
both free and coated,
(5) A1-0.M. or O.M.-Al-clay complexes,
(6 ) Al in the crystal of aluminosilicate minerals..
Among these forms it is believed that exchangeable and nonex­
changeable Al take the most important part in buffering a rise in pH 
of limed soils. The non-exchangeable form are more abundant in acid 
sulfate soils.
Whereas H ion per se is toxic to plants when pH is below 3.5 
(Arnon et al., 1942), Al is believed to be a major soil toxin in the 
pH range 3.5 to 4.5 (Rorison, 1972). Cate and Sukhai (1964) stated 
that Al at concentrations as low as 1 to 2 mg L” 1 are toxic to rice. 
According to Raupack (1963), the concentration of water-soluble Al in
a soil is related to pH by:
PA1 = 2pH - 4.41 [36]
Ponnamperuma (1972) noted that at a pH of 3.5, the concentration of Al
was 69 mg kg 1. This concentration is above the toxic limit for rice.
But if pH is raised to 4.4 by liming, submerging, or leaching; Al con­
centration should drop to 1 mg kg' 1 and Al toxicity be averted. Nhung 
and Ponnamperuma (1966) have confirmed this experimentally. Ponnampe­
ruma et al. (1972) found that leaching decreased dissolved aluminum in 
an acid sulfate soil from 69 to 0.6 mg kg l. Liming is known to pre­
cipitate Al and increase pH-dependent CEC; however, Coleman and Thomas 
(1967) suggest that liming can also reduce CEC in the intermediate pH 
range of approximately 5.5 by precipitation of Al and blocking exchange 
sites.
IV. 6 . Sulfur Chemistry in Flooded Soils
According to Lindsay (1979), the oxidation states of sulfur spe­
cies found on earth are + 6  (sulfate and sulfur trioxide), +4 (sulfite 
and sulfur dioxide), + 3  (dithionite), + 2 (thiosulfate and sulfur mono­
xide), +1 (Disulfur oxide), 0 (Sulfur (rhombic)), -2/3, -1/2, -2/5 
(polysulfides), -1 (bisulfide and HS (gas)), and -2 (sulfide). In 
soils the most common valences are +6 , 0 and -2. The valence of S in 
the form of pyrite has not been ascertained so far; it may be - 1 or a 
mixture of -2 and 0. In addition to inorganic species, S is also 
found in organic forms.
In oxidized soils, inorganic sulfide and other inorganic S species 
which have oxidation states lower than +6 , and mineralized S which is 
derived form organic matter decomposition, may be oxidized to sulfate
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(Alexander, 1961)- On the contrary, under reduced conditions sulfate 
and other inorganic S species with oxidation states higher than -2, 
and mineralized S derived form organic matter may be reduced to 
sulfide. Starkey and Wight (1945) found that sulfide formation from 
organic S sources was secondary when compared to the reduction of in­
organic sulfate.
While the bacteria in the genus Thiobacillus are the most predomi­
nant S oxidizers, the bacteria in the genus Desulfovibrio are the most 
widely distributed S reducers in soils (Alexander, 1961). The latter 
are true anaerobes. Because these bacteria will not function in the 
presence of 0 ,̂ N0a , or NOjj , the presence of S*” in a soil indicates 
the absence of these oxidized components (Patrick and Reddy, 1978).
Vangnai and Chantadisai (1983) reported that activities or numbers of 
sulfate reducing bacteria in an acid sulfate soil increased slowly 
during the first 2 to 3 months of submergence, but increased faster 
after this period, especially when the Eh became lower than zero.
Sulfate reduction is found to take place at lower redox poten­
tials. Connell (1966) and Connell and Patrick (1968, 1969) reported 
that the critical Ehy for the inception of sulfate reduction was about 
-150 mV. Harter and McLean (1965) found that sulfide contents in the 
soil increased rapidly at the redox potential below -75 mV. Postgate 
(1959) proposed that the soil Eh should be about -200 mV in order to 
stimulate the microbial reduction of sulfate to sulfide. He also de­
monstrated that redox potential could be lowered to -200 mV by the 
addition of a solution containing 15 mg kg 1 of Ĥ S. In reverse, when 
sulfide is exposed to air, it reoxidizes rapidly to form sulfate.
Connell (1966) showed that a soil containing 120 mg kg 1 total sulfide
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when exposed to air and agitated decreases to 5 mg kg' 1 total sulfide 
after 2 hours.
The reduction of sulfate to sulfide in flooded soils is normally 
found to be localized even at the same horizons (Ponnamperuma, 1978).
Many workers have reported finding sulfide in the organic-rich pockets.
Even though the bulk of sulfate persists for many months in most flood­
ed acid sulfate soils, significant amounts of dissolved sulfide may 
form within weeks after flooding (Ayotade, 1977). The rate of sulfate 
reduction in submerged soils depends on soils properties (Ponnamperuma,
1972). In neutral and alkaline soils, a concentration as high as 
1 500 mg kg 1 S0  ̂ may be reduced to zero within 6 weeks of submer­
gence. The rate of sulfate reduction may be several hundred times 
slower in acid soils than in alkaline soils.
Since sulfate reduction is a totally biological process, pH is a 
very important factor involved in the process. Several investigators 
have studied the influence of pH in combination with Eh on dissimila- 
tory sulfate reduction (assimilatory SO^ reduction occuring in living 
cells). Connell and Patrick (1968) found little sulfide accumulation 
from reduced soils when pH was outside the range of 6.5 - 8.5. The 
maximum sulfide accumulation was found over the relatively narrow pH 
range of 6 . 8 - 7.0. Starkey and Wight (1945) noted that pH .7 was the 
optimum pH for sulfide production. Sulfate reduction has been report­
ed to be inhibited by low pH (Zobell, 1958; Cappenberg, 1975). In a 
study by Vamos (1958), it was shown that HjjS at pH 7 could harm rice 
roots, and at pH 8 the roots absorbed HS~ ions which resulted in a 
browning of the tissue.
In reduced soils when sulfate is transformed to sulfide, ordinar-
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ily the bulk of sulfide is present in the solid phase, mainly as FeS, 
but even low concentrations of dissolved sulfide (> 0 . 1 mg kg-1) may 
be harmful to rice (Mitsui, 1955). Soluble Mn in reduced soils has 
been postulated to be capable of precipitating sulfide as well.
Connell and Patrick (1969) reported, however, that reduced Mn was 
found to be less efficient than reduced Fe in precipitating Ĥ S. The 
fact that FeS is more insoluble than MnS indicates that Fe is more ef­
fective. Soils high in iron oxides are reported to produce very little 
free H^S and the soluble sulfide content is considered insignificant 
(Takijima et al., 1962). Ponnamperuma (1964) stated that in soils 
abundant in Fe, the presence of Fe in the soil solution keeps the con­
centration of H2S below 10"aM and that H^S toxicity is possible only 
in Fe deficient soils. Broomfield (1963), on the other hand, reported 
as much as half the sulfate in soils was sometimes lost as H^S even 
though soluble Fe2+ was present. He concluded that the release of H^S 
was due to high acidity rather than deficiency of Fe. Yamane and Sato 
(1961) reported that the addition of Fe did not affect the evolution 
of H^S from soil. They believed that Fe was inactivated by organic 
matter into a complex formation. Other possible anions that compete 
with sulfide for Fe2* are carbonate, phosphate, silicate, and hydroxide. 
Thus, sulfide toxicity may occur in the soils which contain high Fe.
Connell and Patrick (1969) found that there existed 7 mg kg 1 of 
free H^S in a Texas soil and 40 mg kg- 1 total sulfide in a Louisiana 
soil. In other areas, total sulfide levels of submerged soils have 
been reported to increase to 150 .mg kg * (Alexander, 1961) and in some 
cases to be as high as 2 000 mg kg- 1 (Harter and McLean, 1965).
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Forms of sulfur in flooded acid sulfate soils
The forms of sulfur compounds according to van Breemen (1972) are 
listed below:
(1) sulfate, including dissolved S0jf+ ions, readily soluble sul­
fate salts (e.g. FeSC>4 ), slightly soluble gypsum, sparingly 
soluble basic sulfate (e.g. jarosite, alunite), and adsorbed 
sulfate,
(2) elemental S,
(3) sulfide including pyrite (FeS*-), ferrous monosulfide, Ĥ -S, 
and HS”,
(4) other inorganic sulfur with oxidation states being interme- 
diate between those of SO4 and Sz (e.g. sulfite, 
thiosulfate),
(5) organic sulfur.
IV. 7. Phosphorus Chemistry in Flooded Soils
The phosphorus content of most mineral soils is low, ranging bet­
ween 200 to 5 000 mg kg' 1 with an average of 600 mg kg' 1 (Lindsay, 
1979). Soil P exists in both organic and inorganic forms, of which 
the inorganic form is more important under waterlogged conditions. 
Inorganic soil P species are classified by Chang and Jackson (1957) 
into four main groups or fractions; iron phosphate, aluminum phosphate, 
calcium phosphate, and reductant-soluble phosphate (the fractions ex- 
tractable after the removal of the first 3 forms). The reductant so­
luble phosphate is equivalent to reductant soluble iron phosphate 
fractions.
Basak and Bhattacharya (1962) reported the following phosphorus 
fractions in an alluvial rice soil by percentage of total phosphate: 
41.6% and 46.6%, organic P and Fe-P plus Al-P, respectively. Khan and 
Mandal (1973) reported that in rice soils; organic-P was 34.7% of the 
total-P, and among the inorganic-P fractions there was: 27.8% Fe-P,
7.2% Al-P, 46.6% Ca-P, 16.2% reductant soluble Fe-P, and 2.2% occluded 
Al-P. Usually, iron phosphate is reported to be the most predominant 
inorganic phosphate in rice soils (Chang and Chu, 1961; Mahapatra and 
Patrick, 1969). It has been found that large amounts of both native 
and added phosphates in the form of phosphate ions, calcium phosphate, 
and aluminum phosphate are converted to iron phosphate with time 
(Chang and Chu, 1961; Srivastava and Pathak, 1972). In a study on 
phosphate in a soil which had recieved superphosphate application for 
31 years, Chang and Chu (1961) found that the phosphate was retained 
mostly as iron phosphate, followed by with aluminum phosphate, and 
finally calcium phosphate.
In general, submergence increases availability of P to plants 
(Ponnamperuma, 1977). The two main reasons for this are: 1 ) the re­
duction of insoluble ferric phosphate to soluble ferrous phosphate, 
and 2 ) the reduction of iron oxide, which releases the occluded phos­
phate (Patrick and Mahapatra, 1968). Moreover, the hydrolysis reac­
tions of aluminum and iron phosphates may also enhance phosphorus in 
flooded soils (Fujiwara, 1950).
Phosphorus is not directly involved in oxidation-reduction reac­
tions, but because of its reactivity with a number of redox elements, 
its behavior is significantly affected by flooding. Perhaps the most 
important effect of the anaerobic condition on phosphate is the in-
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creased availability of P to wetland rice (Patrick and Reddy, 1978).
Whether measured by soluble P in soil solution, by P extracted by any 
one of a variety of extractants, or by plant uptake; P is generally 
more available in anaerobic soils than in aerobic soils (Aoki, 1941;
Mitsui, 1960).
There is abundant evidence that a decrease in redox potential 
causes an increase in the amounts of water soluble and other forms of 
available P. Mortimer (1941) observed a 100-fold increase in water- 
soluble P in the hypolimnion of a lake after reduction of the mud-water 
interface. A marked increase in the extractable P with the lowering 
of Eh*,. / below +200 mV was reported by Patrick (1964). The extractable 
P increased from 10 to 35 mg kg 1 between Eh's of +200 and -200 mV. At 
+200 mV, Fe(III) begins to be reduced to Fe(II) and causes phosphate 
to be more soluble.
Phosphorus solubility is also affected by the soil pH. An in­
crease in pH, considered without regard to redox conditions will in­
crease the solubility of ferric phosphate and aluminum phosphate but 
will decrease the solubility of calcium phosphate (Lindsay and Moreno, 
1960), and a decrease in pH favors the solubility of calcium phosphate 
as well as ferrous and manganous phosphate (Stumm and Morgan, 1970).
Thus the solubility of P in soil tends to be maximum in the pH range of 
6 to 7 (Brady, 1974). However, under reducing conditions, maximum 
phosphate solubility occurs under low pH conditions (Patrick et al.,
♦ 'f1973). It is believed that Fe* cannot remove phosphate from solution 
at low pH's. On the contrary, under aerobic conditions maximum phos­
phate solubility occurs at high pH's. With controlled Eh and pH in 
stirred soil suspensions, Patrick et al. (1973) found that either low
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Eh or low pH increased P solubility to some extent but the combination 
of low Eh and low pH enhanced P solubility considerably. The increase 
in pH of acid soils and the decrease in pH of calcareous and sodic 
soils due to submergence increase the availability of phosphorus 
(Ponnamperuma, 1978). Mandal (1964) found that liming on wetland soils 
decreased the amounts of insoluble ferric phosphate considerably and 
insoluble aluminum phosphate slightly, whereas it increased the amount 
of insoluble calcium phosphate appreciably.
Although the mobility of phosphate in wetland soils may be greater 
than that in dryland soils, the soluble phosphate applied to wetland 
soils is still largely fixed or retained (Chang, 1976). Lin et al.
(1973) found that 58% of the applied phosphorus, in the plots that had 
received phosphate over a period of 48 years, was retained in the 
surface soil and subsoil. Phosphorus fixation is found to be rapid in 
acid and neutral soils and slower in alkaline soils (De Datta et al.,
1966). Phosphorus fixation has been reported by many investigators to 
be most rapid in acid sulfate soils (van Breemen and Pons, 1978;
Attanandana and Vacharotayan, 1981; Attanandana, 1982). According to
Patrick and Kalid (1974), more P is released from the soil to the sol­
ution under reduced than oxidized conditions if solution is initially 
low in P, as in the case for almost all rice soils. Yet, when the 
soils are brought in contact with a solution containing appreciable P 
(> 5 - 10 mg L 1), the reduced soil will remove more P from solution
than will the oxidized soil.
The mechanisms of phosphate fixation or retention can be summa­
rized as follows:
(1) phosphate reacts with Fe, Al, Ca, Mg, and Mn ions (simple or
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complex ions or dissolved neutral molecules) to form insolu­
ble phosphate compounds,
(2 ) the phosphate compounds in the item 1 , both soluble and in­
soluble are occluded by sesquioxides,
(3) phosphate is adsorbed by replacing 0H~ at the crystal surface 
of clays. There is an evidence of phosphate fixation through 
a mechanism of substitution for silicate in clay crystals 
(Toth, 1937),
(4) phosphate may be linked as clay-cation-phosphate such as 
clay-Ca-H^PO* or clay-Al(OH)-H^P04 (Henwall, 1957).
IV. 8 . Silica Chemistry in Flooded Soils
Silica is considered to be an essential element for rice. Silica 
in soil is mainly in the forms of primary and secondary silicate miner­
als, various forms of SiÔ , and dissolved silicate.
Although silica is not a redox element, its concentration in soil 
solution increases with soil reduction (Mortimer, 1941; Ponnamperuma, 
1965) apparently because of the reduction of Fe(III) oxide hydrates in 
a similar manner to phosphate (Rowell, 1981). Silica is also found to 
increase in solubility when pH is increased (Pannamperuma, 1978). Van 
Breemen (1 9 7 6 ), on the other hand, found that acidification was corre­
lated with higher Si concentrations in acid sulfate soils. High con­
centrations of dissolved silica (about 2 mmol L 1) are found in acid 
sulfate soil, where H4Si0 4 generally occurs in equilibria with amor­
phous silica (van Breemen, 1972).
CHAPTER 4
Properties of the Soils
1. General Description of the Soils
Properties of the original five Thailand soils used in this 
dissertation are depicted and discussed in this chapter. The five 
soils are Rangsit Very Acid (Rsa), Rangsit (Rs), Mahaphot (Ma), Bangkok 
(Bk), and Bang Pakong (Bg). The first three are acid sulfate soils, 
the last soil is the potential acid sulfate soil, and the fourth soil 
is a non-acid sulfate marine soil, all soils are hydromorphic alluvial 
soils.
The Rsa soil (Sulfic Tropaquept), recognized as an extremely acid 
soil, was used as the representative soil in the suitability class 
P-IVa (in Thailand). The soils in this class have severe limitations 
due to acidity constraints that restrict their use for rice production 
and/or require very special management. The Rsa soil was used for the 
studies in Chapters 5 through 9.
The Rs soil (Sulfic Tropaquept), designated as a severely acid 
soil, was used as the representative soil in the Suitability Class 
P-IIIa. The soils in this class have moderate limitations due to acid­
ity constraints that restrict their use for rice production and/or re­
quire special management. The Rs soil is used for the studies in 
Chapters 5 through 8 .
The Ha soil (Sulfic Tropaquept), recognized as a moderately acid 
soil, was used as the representative soil in the suitability class 
P-IIa. The soils in this class have slight limitations due to acidity
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constraints that restrict their use for rice production. The Ma soil 
was used for the studies in Chapters 5 through 8.
The Bk soil (Typic Tropaquept), recognized as a non-acid marine 
soil, was used as a representative soil in the suitability class P-Ia 
for comparative purposes. The soils in this class have no significant 
limitation for rice production. The Bk soil was used for the studies 
in Chapters 6 through 8.
The Bg soil (Typic Sulfaquent) was used as a representative for 
potentially acid sulfate soils. The suitability classification for 
rice production is dependent on the level of salinity constraint and 
the degree of oxidation of the surface soil. The soil will immediately 
turn into class P-Va after intense oxidation. The preoxidized Bg soil 
was used for the studies in Chapters 5 through 8.
2. Sample Preparation
The locations where samples were collected for the five soils are 
marked in Fig. 1. All samples were collected in the early rainy sea­
son of 1981. A one-hundred kilogram composite sample of each soil was 
collected from the plow layer (~ 20 cm deep) of approximately a half 
hectare of land. The samples were shipped to the Rice Division in 
Bangkok where the soils were air-dried and a 20 kg sample of each com­
posite soil was shipped to the Laboratory for Wetland Soils and 
Sediments, Louisiana State University, where the samples were pulver­













Mahaphot Soil collected from 
Mou 5, Ban Haopai, Thambol 
Bangpluang, Bansang, Prachin Buri.
Rangsit Very Acid Soil collected 
from the Ongkarak Expt. Sta. on 
Acid Sulfate Soil, Nakhon Nayok.
Rangsit Soil collected from the " 
Land Development Center, 
Thanyaburi, Pathum Thani.
©  Bangkok Soil collected from Mou 7, 
Thambol Nhuangkhet, Amphae Huong, 
Chachoengsao.
Bang Pakong Soil collected from 
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Fig. 1. Locations of soil sample site.
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3. Chemical Characteristics of the (aerated) Soils
Duplicated samples were used for each of the analyses. The 
methods of analysis were as follows.
The pH's in water (1:1) and in 0.01 M CaCl2 (1:2) were determined 
by a combination glass-calomel electrode following the methods as 
described by Attanandana (1982).
Organic matter was analyzed by using the Walkley-Black method 
(Black, 1965).
Cation exchange capacity (CEC) was determined using ammonium 
saturation-distillation method as described by Chapman (1965).
Exchangeable K, Ca, Mg, and Na - the soils were extracted with 1 
M NH4OAC (pH 7.0) following the method described by Black (1965). The 
elements in the extract were determined by inductively couple argon 
plasma (ICP).
Total exchangeable base was the sum of exchangeable K, Ca, Mg, 
and Na.
Exchange acidity - the BaCl2 ~triethanolamine method was adopted 
(Peech, 1965).
Exchangeable Al - the soils were extracted with 1 M KC1 following 
the method described by Black (1965) and the extracted Al was deter­
mined by ICP.
Exchangeable H was the difference between exchange acidity and 
exchangeable Al.
Available P was determined with the Bray II method as described 
by Bray and Kurtz (1945).
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Active Fe and Mn - the soils were extracted with dithionite-EDTA 
following the method described by van Breemen (1976) and the solutes 
were determined by ICP.
Water-soluble SOjf - the soils were extracted following the method 
described by van Breemen (1971) and SOif” ions were determined by ion 
chromatography.
Available Si - the soils were extracted following the method des­
cribed by Kawaguchi and Kyuma (1969b) and Si was determined by ICP.
Fractions of Fe, Mn, Al, Ca, Mg, K, Na, Mo, P, Si, S04, Cd, Pb,
Cr, Ni, and As in water extract, NH4OAC extract, NHuOH’HCl extract, and 
EDTA extract were carried out subsequently.
Water-soluble
A ten gram dry soil was put in a 250 ml centrifuge bottle with 50 
ml deionized water. The soil suspension was shaken on a mechanical 
shaker for \ h and centrifuged at 7 000 rpm, using a Sorvall GSA rotor, 
for 20 min. The supernatant was filtered through a 0.45 pm membrane.
NH4OAC extractable
The residual soil following water extraction was added with 200 ml,
1 M NH4OAC (pH 4.0). The soil suspension was shaken for 2 h, centri­
fuged, and the supernatant was filtered through 0.45 pm membrane.
Reducible
The residual soil following NH4 OAC extraction was added with 100 
ml, 0.25 M NHZ0H*HC1 (in 25% HC1). The soil suspension was shaken for 
4 h in 70 °C water bath, centrifuged, and filtered.
EDTA extractable
The residual soil following reducible fraction was added with 100 
ml 0.05 M EDTA and 0.2 M NaOAC at pH 7.0. The soil suspension was
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shaken for 18 h, centrifuged, and filtered.
The results are listed in Tables 1, 2, 3, 4, and 5. The highest 
concentrations of Fe and Mn were found in the hydroxylamine extract- 
able fraction followed by the NH4OAC fraction. Hydroxylamine extract- 
able Al was the most abundant among the four extractable fractions.
This suggests evidence of occlusion by Fe and Mn oxides, resulting in 
lowered availability of Al.
Calcium and Mg were most abundant in the NH4OAC extractable frac­
tion whereas K and Na were mostly in the water-soluble fraction. The 
exceptions were Ca and K in the Bg soil in which the former was concen­
trated primarily in the water-soluble fraction and the latter in the 
hydroxylamine fraction. The occlusion of readily available K (such as 
exchangeable K) by sesquioxides in conjuction with K loss by leaching 
and K fixed in clay interlattices probably accounted for the undectable 
K in the water-soluble and NH4OAC extractable fractions.
Copper and Zn were concentrated in the hydroxylamine fraction.
The exception is for Zn in the Bg soil which was more abundant in the 
water-soluble fraction. Copper and Zn extracted by hydroxylamine, DTPA, 
and NH4OAC (at pH 4.0) suggest their occlusion by Fe and Mn oxides.
Molybdenum was concentrated in the hydroxylamine extract as well 
as in the NH4OAC extract. The highest concentrations of P and Si were 
found in the hydroxylamine fraction. The anion forms of Mo and Si were 
also affected by sesquioxide occlusion.
Sulfate was predominantly in the water-soluble fraction for the 
Rsa and Bg soils and in the DTPA extractable fraction in the Rs, Ma and 
Bk soils.











pH (1:1, water) 3.9 4.3 4.5 2.9 4.9
pH (1:2, 0.01 M CaCl2) 3.6 4.0 4.1 2 . 8 4.7
CEC (cmol(+) kg-1) 2 1 . 8 2 0 . 8 19.9 2 0 . 0 24.9
Total exchangeable base 
Exchangea^fe°K(cmof(+)kg-*)
5,6 13.7 15.7 46.8 20.9
0 . 2 0.5 0.3 0 . 0 2 1 . 0
Exchangeable Ca(cmol(+)kg“l) 1 . 1 5.9 8 . 2 4.4 5.1
Exchangeable Mg(cmol(+)kg“l) 2.7 6 . 1 6.5 17.4 1 1 . 6
Exchangeable Na(cmol(+)kg-l) 1 . 6 1 . 2 0 . 6 24.9 3.1
Exchange acidity(cmol(+)kg-*) 10.5 2.9 3.2 28.3 1 . 2
Exchangeable Al(cmol(+)kg“*) 1 0 . 1 .2 . 0 2.3 13.8 1 . 1
Exchangeable H(cmol(+)kg”*) 0.4 0 . 8 0.9 14.5 0.05
Available P mg kg~l 6.5 5.5 3.2 30.8 19.2
Active Fe (%) 1 . 2 0.5 1.4 2.4 0.7
Active Mn mg kg”* 33.6 31.3 349 595 67.5
Water-soluble SO'?- ®g kg-* 371 173 168 1 2 0 0 32.1
Extractable Si mg kg-* 77.6 93.9 94.2 97.6 106
Table 2. Concentrations of water-soluble constituents (ag kg *) in the five aerated soils.
Soil Fe Hn A1 Ca MS K Ha Cu Zn Mo P Si S0<* Cd Pb Cr Hi As
Rsa 1.S8 6.75 10.5 56.3 87.6 9.91 424 0.42 1.57 0.05 0.68 51.0 1114 O.dl 0.17 0.04 0.82 0.96
Rs 1.12 1.03 4.67 48.5 37.0 16.1 310 0.33 0.62 0.04 0.44 56.3 518 0.01 0.07 0.03 0.06 0.71
Ha 2.98 12.0 3.68 64.9 38.3 11.4 232 0.39 1.09 0.03 0.43 58.4 504 0.01 0.07 0.05 0.15 0.40
Bg 321 194 676 781 1305 <0.02 6222 0.97 22.1 0.76 8.17 54.1 3600 0.21 2.23 0.97 7.20 9.59
Bk 1.48 3.45 3.55 64.8 108 59.4 703 0.39 0.65 0.02 0.81 60.2 96.4 0.01 0.03 0.03 0.12 0.67
Table 3. Concentrations of exchangeable constituents (ag kg*1) in the five aerated soils.
Soil Fe Hn A1 Ca dS K Na Cu Zn Ho P Si S0f~ Cd Pb Cr Hi As
Rsa 43.2 19.0 713 150 226 UD 222 1.95 1.79 2.0 6.01 26.6 74.4 0.03 2.90 0.74 1.02 62.8
Rs 57.6 20.9 226 962 663 38.0 231 0.51 2.78 1.78 5.07 37.6 318 0.05 3.58 0.69 1.88 59.2
Ha 46.9 251 178 1271 681 <0.02 192 0.92 3.33 1.83 5.68 35.8 454 0.13 4.23 0.58 2.46 60.3
Bg 383 59.0 483 279 572 <0.02 960 0.59 4.35 2.0 13.5 43.5 569 0.09 2.49 1.17 1.99 63.2
Bk 98.0 49.0 91.1 800 1107 125 356 0.90 1.74 1.80 7.78 46.5 40.6 0.09 3.70 0.71 1.28 59.7
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Table 4. Concentrations of easily reducible Fe and Hn and sone other constituents in the
five aerated soils extracted by waned 0.25 H hydroxylaaine hydrochloride.
Soil Fe lb A1 Ca $8
Rsa 1413 7.10 2145 41.9 35.3
Rs 2178 8.51 2001 115 40.0
Ha 4158 79.7 1734 in 52.8
Bg 11358 15.2 1431 48.0 104
Bk 4311 " 13.8 1538 114 76.2
K Na Cu Zn Ho P
25.0 67.4 4.22 7.56 1.91 13.5
<0.02 87.9 16.3 13.6 1.85 16.5
<0.02 84.9 18.7 13.1 1.82 15.5
472 1076 13.3 11.6 3.03 136
<0.02 93.8 10.1 8.95 1.84 48.2
Si soil Cd Pb Cr Hi As
794 425 0.18 8.79 2.37 1.76 22.0
1078 276 0.42 9.30 3.43 2.99 34.2
974 300 0.56 9.85 3.14 2.90 25.8
873 312 1.19 13.7 3.78 3.82 34.8
1204 195 0.52 8.28 3.43 4.05 25.8
Table 5. Concentrations of DTPA-extractable constituents in the five aerated soils 
extracted by .05 M NaDTPA.
Soil Fe Hn A1 Ca «gi K Cu An Ho P Si S0<' Cd Pb Cr Hi As
Rsa 180 0.74 281 14.6 2.82 <0.02 2.86 2.81 0.48 3.28 248 866 0.01 1.35 0.95 0.36 11.2
Rs 222 0.82 245 19.2 3.46 <0.02 4.84 3.04 0.61 3.58 236 569 0.02 1.53 1.10 0.36 10.2
Ha 436 5.90 187 19.2 4.74 <0.02 3.83 4.14 0.37 3.64 213 677 0.04 1.31 0.80 0.40 10.7
Bg 3248 3.00 382 15.4 16.7 124 4.70 4.24 2.04 22.0 796 3438 0.29 5.06 2.49 0.87 15.1
Bk 455 1.25 UD 18.7 4.79 <0.02 5.38 2.75 1.01 8.26 283 974 0.04 1.60 0.97 0.47 11.4
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4. Particle Size Distribution
Particle size determination was carried out following the method 
described by Attanandana (1982). The percentages of clay, silt, and 
coarse to very fine sands and texture indentification are depicted in 
Table 6 . All the soils had clay textures and the clay content ranged 
from 6 1% in the Bg soil to 70% in the Ha soil.
5. Clay Mineral Analyses 
Sample Preparation and Diffractogram Scanning
The five soils were analyzed qualitatively and quantitatively for 
clay minerals by x-ray diffraction. The samples were prepared follow­
ing the method described by Jackson (1956). The clay paste containing 
particles smaller than 2 pm (except the bulk sample) was smeared on 
glass slides and run on a Philips x-ray Diffractometer APD-3500 with 
CuKof radiation and step-scanned from 2° 26 to a maximum of 40° 26. The 
step size was 0.02° 26 and the counting time was 1.0 second. Several 
treatments were employed to facilitate clay mineral identification and 
quantification, including: Mg saturated air-dry (Mg Sat. AD), Mg satu­
rated ethylene glycol (Mg Sat. EG), K saturated air-dry (K Sat. AD),
K Sat. 180°C, K Sat. 300°C, K Sat. 400°C, and K Sat. 500°C. Bulk 
sample and Na saturated smears were also prepared and analyzed.
Qualitative Analysis
Results indicated that the clay minerals contained in the Rs, Ma, 
and Bk soils were kaolinite, illite, and smectite. The smectite clays 
were composed mainly of low-charged smectite and a minor component of
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Rsa 62.9 26.7 0.48 3.45 4.81 1.58 clay
Rs 70.3 25.4 0 . 1 0 0.53 0.84 2.67 clay
Ma 65.7 25.7 0.57 1.06 1.59 5.36 clay
Bg 60.7 20.5 1.14 2.23 6.38 9.01 clay
Bk 6 6 . A 30.3 0 . 1 2 0.36 0.82 2.05 clay
T Pipette and wet-seiving method.
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highly-charged smectites. The former was found to collapse by the K 
Sat. AD. treatment. Some of the highly-charged smectite appeared to 
collapse under the K Sat. 180° treatment and the rest by the K Sat.
300° treatment.
Other than the three common-type clays and highly-charged 
smectites, the Rsa and Bg soils were found to contain small amounts of 
other clay minerals. For the Rsa soil a small peak showed up at 1.190 
nm under Na Sat. AD. and Mg Sat. AD. treatments and at 1.04 nm by K Sat. 
180°, 300° and 400° treatments. This would indicate that a trace 
amount of the mixed clays of either smectite-micaceous or vermiculite- 
micaceous or both existed in the Rsa soil.
For the Bg soil small peaks were found at 1.40 - 1.41 nm for all 
treatments, which suggests chlorite in trace amounts. And, since small 
peaks around 1.21 - 1.22 nm appeared upon treating with K SAt AD. and 
K Sat 180° through 500°, verminculite-chlorite and/or smectite-chlorite 
interstatified clays could be expected as well. Also vermiculite- 
micaceous and smectite-micaceous clays could be found in the Bg soil.
Quantitative Analysis
Quantitative determination of clay mineral was followed by the
method described by Griffin (1971) with some modification from the
suggestion of R.E. Ferrel, the professor in clay mineralogy, Louisiana
State University, (personal communication). The method assumed that
the reported clay minerals comprising 1 0 0% are kaolinite, illite,
smectite, and chlorite. The calculations of the percentages of clay
o o o o
require the peak heights (h) at 3.54 A, 3.59 A, 7 A, and 10 A from K
o o
Sat. 300°C and 7 A and 10 A from Mg sat. EG. The formulas used are:
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1" %(K ♦ C) = „ h7A.(.K ,Sat. 30D°y2.5  „ m
7A(K Sat. 300°) + n10A(K Sat. 300°)
 Z 3 -------
[2] B .   u h3.59A(K Sat 300^)------------------------  x %(K + C)
3.59A(K Sat. 300°) + n3.54A(K Sat. 300°)
%C = (1) - (2)
[3] %(I + S) = 100 - %(K + C)
[4] WT _ h7A(K Sat. 300°) x 10A(Mg Sat. EG.)
* 1 - r— D----------- — C" 0 g---------  x %u + bj
10A(K Sat. 300°) x n7A(Mg Sat. EG.)
[5] %S = [%(I + S)] - %I
For all five soils, chlorite peaks did not appear (except negligi­
ble peak height in Bg soil), which means that eq. [2] is eliminated and
o
%K is equal to eq. [1J. Neither are the peak heights at 3.59 A nor 
o
3.54 A used in the calculation process.
The quantitative analyses of clay minerals are reported in terms 
of relative peak height percentage as follows:
Soil %7 nm % 1 0  nm %14 nm
Rsa 30 31 39
Rs 32 49 2 1
Ma 44 35 2 1
Bg 29 38 33
Bk 30 28 44
6 . Phosphorus Fractionation
Phosphorus fractionation study was carried out following the 
method described by Jackson (1957). The values of water-soluble P, ad­
sorbed P, Al-P, Fe-P, and Ca-P of the five aerated soils are depicted 
in Table 7. The Bg and Rs soils contained the highest and lowest P in
tTable 7. Phosphorus fractionation of the five aerated soils.
Soil Water-soluble P Adsorbed P
mg kg' 1
Al-P Fe-P Ca-P
Rsa 0.52 6.01 2 2 . 2 88.7 6.19
Rs 0.45 5.07 21.3 62.2 5.74
Ha 0.42 5.68 12.3 67.1 8.92
Bg 8.60 13.5 54.7 151 34.7
Bk 0.70 7.78 39.3 94.4 10.3
t averaged data from 2 replications.
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all of the fractions, respectively. Except in the Bg soil, the water- 
soluble P in the other four soils was less than 1 mg kg"1. Quantita­
tive comparision of P among the different fractions of the respective 
soils reveals that the amounts decreased in order of Fe-P, Al-P, Ca-P, 
adsorbed P, and water-soluble P. Adding the values of water-soluble 
and adsorbed P together results in obtaining values comparable to those 
of the available P (by Bray II, Table 2) in the Rsa and Rs soils. The 
values are higher and lower than those of available P in the Ma soil 
and Bg or Bk soils, respectively.
7. Buffering Curves
According to Frink (1972) when an acid soil is neutralized at 
least three reactions occur. First exchangeable H is neutralized.
Next, exchangeable and non-exchangeable A1 are neutralized over a pro­
nounced buffer range, centering around pH 5.0. Finally, H bound at the 
edge sites of the clay minerals and the weak acid groups of organic 
matter are neutralized, and the buffer range is above about pH 5.5 - 
6 .0 .
Data plotted on Fig. 2 show titration curves of the four soils 
(using the method described by Attanandana and Chancharoensook (1980)). 
Titrated by 0.1 M NaOH to pH 10.0, the Rsa, Rs, and Ma soils had 2 
buffer ranges. The preoxidized Bg soil had 4 buffer ranges. Due to 
considerable reduction of buffering curve of the Bg soil, the inflec­
tion points could not be distinguished; thus the results are not dis­
cussed here.
For the Ma soil the first buffer range was between pH 4.8 and 6 . 8  





2 .5 7 .5
me o f NaOH/100 g s o i l
F ig .  2. T i t r a t i o n  cu rves  o f  th e  fo u r  a c id  s u l f a t e  s o i l s ,  
u s in g  0 .1  M NaOH as  t i t r a n t .
133
9.5 and centered at pH 9.15. For the Rs soil the first buffer range 
was between pH 4.2 and 6.0 and centered at pH 5.0. The second buffer 
range was between pH 8.7 and 9.5 and centered at pH 9.3. For the Rsa 
soil the first buffer range was between pH 5.2 and 7.1 and centered at 
pH 6 .1 . The second buffer range was between pH 8 . 8 to 9.7 and centered 
at pH 9.2.
The buffering capacity in the first buffer range could be derived 
from the combined effects established by the four proton-donor groups, 
as described above, as well as basic sulfate compounds. For the second 
buffer range, the weak inorganic acids such as H^GOa and H4Si04, and 
their conjugate bases (acid) could account for buffering the pH in 
these soils.
CHAPTER 5
Kinetics of Redox Potential, pH, and Chemical Constituents 
in Stirred Suspensions of Acid Sulfate Soils
Obj ective
Three experiments were designed to investigate rates, extents, and 
courses of redox potential, pH, and chemical constituents in stirred 
suspensions of acid sulfate soils, with and without supplementary organic 
material, when the soils underwent reduction and oxidation.
Materials and Method 
Experiment I. Soil Without Added Organic Matter
The four acid sulfate soils as described in Chapter 4, namely, 
Rangsit Very Acid (Rsa), the soil in the extremely acid class;
Rangsit (Rs), the soil in the severely acid class, Mahphot (Ma), the 
soil in the moderately acid class; and Bang Pakong (Bg), as the 
preoxidized potentially acid sulfate soil, were employed in this 
experiment.
The study was conducted in the closed controlled redox system 
that was developed by Patrick et al. (1973a) as described by Gambrell 
et al. (1975) with some modification by Hambrick et al. (1980). As 
indicated in Fig. 1, each 2 liter, 3-necked flask was fitted with a 
combination pH electrode, 2 platinum electrodes, a salt bridge, a 
serum cap, an air inlet, a gas outlet, a inlet, a thermometer, 
and a stirring bar.
The pH electrode was connected with a Multiple Electrode Selector 





















Fig. 1. Redox potential and pH control apparatus for incubating 
soil suspensions (after Gambrell et al., 1975).
136
Zeromatic IV pH meter). Platinum electrodes made by fusing an 
18-gauge Pt wire with a lead glass tube were used for monitoring 
redox potentials in this experiment and for all other experiments in 
this dissertation. The two platinum electrodes in each flask were 
connected together, in order to obtain an average redox potential 
value, through a copper wire and alligator clips. The KCl-agar salt 
bridge coupled with a saturated calomel reference electrode and the 
platinum electrodes completed an electrical circuit at a potentiometer 
(Beckman Zeromatic IV pH meter). The air inlet tube was connected 
in series through a water filled test tube and then to a needle 
valve. The air needle valve was connected to an air pump which was 
switched on or off by a meter relay (General Electric, type 196).
The meter relay in turn was connected to the recorder output of the 
potentiometer. The gas outlet was immersed in water in the gas trap 
bottle in order to prevent air from entering the flask. The 
inlet was connected in series through a water filled test tube, a 
needle valve, an 0* removal trap (heated Cu metal), and a Nz tank.
The serum cap in the top of the rubber stopper was utilized for 
inserting a syringe needle (0.3 cm in diameter, 10 cm in length) to 
withdraw sample aliquots from the stirred suspension. The temperature 
was controlled at 27°±1 C throughout the experiment. A cardboard 
insulation was inserted between the flask bottom and the magnetic 
stirrer to prevent heat transfer from the stirrer to the suspension.
A 5-cm PVC-teflon-coated magnetic stirring bar was employed.
Air-dry soil, that had been ground and passed through a 40-mesh 
screen and thoroughly mixed in a 4-liter nalgene bottle for 2 days, 
equivalent to 2 0 0 g solid, was mixed with 1800 ml of deionized water
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in a 3-necked flask (ratio 1:9, w/v) and sealed immediately. Each 
soil was replicated two times. The soil was continuously stirred 
and the air needle valve was turned off. The Nz needle valve was 
cracked open providing a slow flow of 0^-free Nz gas. The calibrated 
platinum electrodes and the calibrated pH electrode were ready for 
operation. The redox potential and pH of the system were monitored, 
and aliquots were withdrawn and extracted for determination of metal 
concentrations periodically throughout a 2month period. Quantitative 
changes with time of Fe, Mn, Al, S, Si, and P as well as some other 
trace elements were determined in the water-soluble and NH4OAC 
extractable fractions.
Soil suspension aliquots were withdrawn by a syringe needle in­
serted through the serum cap into the middle of the suspension that 
was flushed with Nz gas. The Nz gas prevented air penetration 
during sample withdrawal and prevents a suck back of the water from 
the gas outlet bottle. A 40-ml aliquot was transferred into a 
250-mL polycarbonate centrifuge bottle fitted with a serum cap. The 
centrifuge bottle was pre-weighed and purged with Nz gas prior to 
being used. To obtain the water-soluble fraction, the aliquot was 
centrifuged at 7000 rpm, using a Sorvall GSA Rotor, for 40 minutes.
The supernatant then was filtered, under Nz atmosphere, through a
0.45 |Jm millipore filter, and the filtrate collected in a polyethylene 
bottle containing 2 drops of concentrated HC1 to decrease the pH of 
the filtrate to 1 or 2. The filtrate was preserved at 4°C until 
analysis could begin.
The procedure for filtering under a Nz atmosphere was described 
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(b) p i p e t t e  in  f i l t e r i n g  p o s i t i o n  ( a f t e r  Gambrell e t  a l . , 
1975).
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After centrifugation, a hypodermic needle connected to a low pres­
sure Nz source was inserted through centrifuge bottle serum cap. A 
1-mL pipette, connected by PVC tubing to a gas-tight, 300 mL-capacity 
filtering funnel, was also inserted into the atmosphere above the 
supernatant solution within the centrifuge bottle. A vacuum was 
applied to the filtering flask in order to displace the atmospheric 
Oz in the filtering assembly by pulling Nz through the system.
After purging for several minutes, the pipette was pushed down into 
the supernatant solution, which was then drawn into the filter 
reservoir. The supernatant solution was directly filtered into a 
receiving polyethylene bottle containing 2 drops of cone HC1.
After removal of the water-soluble fraction, the residual soil 
in the centrifuge bottle was subsequently used for the NH4OAC extract- 
able portion. Sixty ml of 1 M NH4OAC, pH 4.0, (about 1:15 soil to 
extractant ratio) was injected through the serum cap into the centrifuge 
bottle. The bottle was manually shaken in order to disperse the 
residual soil, and the soil suspension was then shaken on a mechanical 
shaker for 1 hour. The suspension was centrifuged at 7000 rpm for 
10 minutes. The filtrate of NH4OAC extractable fraction was obtained 
in the same manner as that of the watersoluble portion. The filtrate 
was adjusted to a pH of about 2 by adding 1.5 ml concentrated HC1.
The residual soil in the centrifuge bottle was washed with distilled 
water to extract residual NH40AC, recentrifuged, and the water was 
discarded. The soil was dried at 105°C for 2 days to determine dry 
weight.
To calculate the concentration (mg kg1 soil) of any constituent 
in water-soluble fraction, the soil-to-solution ratio (w/v) was
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obtained from the proportion in the stirring flask at a specific 
time. This was accomplished by drying a sample aliquot. After 
removing the supernatant, trace amounts of moisture and water-soluble 
constituents remained in the centrifuge bottle, this portion added 
some volume of moisture (*'*2 . 6 ml) and associated dissolved constituents 
into the corresponding NH4OAC extractable fraction. Thus after 
analyses of metal ions in the water-soluble and extractable fractions, 
the correct concentration of a certain species in the NH4OAC fraction 
was achieved by calculation.
After the soil in suspension was subjected to reduction for 2 
months, the kinetic studies of Eh, pH, and ion constituents were 
conducted from redced side to oxidized side. This was accomplished 
by purging air into the suspension. Air, with a flow rate of 25 
small diameter bubbles per minute (0.35 ml min1), was pumped into the 
flask by an aerator and controlled by a needle valve coupled with a 
small diameter tubing that fitted in a water tube. Redox potential 
and pH were monitored and chemical constituents (water soluble and 
extractable) were determined periodically over 1 month period.
Components in the water-soluble and NH4OAC extractable fractions 
were analyzed with an Inductively Coupled Argon Plasma (ICP) atomic 
emission spectrophotometer.
Experiment II. Soil with 0.5% and 0.5% Split Added Organic Matter
The materials and methods used in this investigation were the 
same as described in Experiment I, except 0.5% dry ground rice straw 
was added at zero time and another 0 .5% at 1 month after the first 
addition. The investigation was conducted with 2 replications.
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Only the kinetics of redox potential and pH were investigated from 
oxidized side to reduced side.
Experiment III. Soil with 1% Added Organic Matter
The materials and methods used in this experiment were the same 
as described in Experiment I, except that 1% of ground rice straw was 
added at the beginning of incubation and the soil in suspension was 
anaerobically incubated for a period of 4 months. The investigation 
was performed with 2 replications. A return cycle from reduced side 
to oxidized side was also conducted for 1 month. Kinetics study of ion 
chemistry in this experiment was limited to water-soluble components.
RESULTS AND DISCUSSION
I. Soil without Added Organic Matter
1.1. Kinetics of Eh
When oxygen was shut off from the stirred suspension, the soils 
(without added organic matter) underwent reduction. Redox potentials 
in the Ma soil and the Rs soil decreased at a relatively rapid rate 
during the first 2 days, at a moderate rate during 2 to 7 days, and 
at a slow rate after 1 week of incubation (Fig. 3). Buffering of 
redox potentials in the two soils was probably due to NOa and Mn 
during 2 to 7 days, Mn and Fe between 7 to 20 days, and Fe between 
20 to 60 days. Evidence for this is shown by increases of Mn‘i+ and 
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Because of the relatively high organic matter content (3.3%) in 
the Rs soil as compared to that in the Ma soil (1.9%), the Eh in the 
former decreased more rapidly than in the latter during the first 
week of anaerobiosis. Afterwards the Eh of the Ma soil decreased to 
lower values and proceeded uniformly at a constant rate until reach­
ing 125 mV at 60 days. On the other hand, the Eh in the Rs soil did 
not significantly change after one week of incubation and tended to 
remain around 200 mV. Increased reduction during the later stages 
in the Ma soil over the Rs soil can be explained by the significant­
ly higher contents of the active Fe and Mn. The relatively larger 
amount of the active Fe (1.46%) and Mn (0.035%) in the Ma soil, as 
compared to those in the Rs soil (0.54% Fe, 0.003% Mn), when reduced, 
would build up more HCO3 or OH , hence consuming more acidity and 
release more reduced ions thereby subjecting to a lower Eh, even 
though the effective acidity (extractable acidity) and pH in the two 
soils were nearly comparable. The difference between the pH kineties 
of the two soils (Fig. 4) seemed coincident with the respective Eh 
kineties (Fig. 3).
For the Rsa soil and the pre-oxidized Bg soil decreases of Eh 
in both soils proceeded rapidly during the first 4 days, moderately 
between 4 to 10 days, and slowly after 10 days. The prolonging 
duration of depletion of O2 in the Rsa and Bg soils, as compared to 
the Rs and Ma soils, should be due to their extremely low pH 
inhibiting biological reduction. Denitrification processes would 
also be inhibited in the Rsa and Bg soils. Thus Mn would probably 
dominate the redox potentials during 4 to 10 days, and after that Fe 
would presumably dominate the redox potentials.
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In the Rsa soil even though high in total organic matter content 
(4.39%), after 20-day incubation the easily decomposable organic 
matter and easily reducible Fe (0.146%) (extracted by warm NH2 0H*HC1 ) 
seemed to be depleted. Thus its Eh hardly decreased below 210 mV.
The stability of soil pH (Fig. 4) and little change of dissolved Fe 
seemed to be relevant with the small decrease in Eh. After 1 month 
of incubation Eh of the Rsa soil tended to increase. The increase 
of Eh after attaining the minimal value should be attributed to the 
hydrolyses of basic sulfates and acid sulfates of Fe and Al and 
adsorbed S0| from which H+ ions as well as Fe3+ ions were released 
to the system.
In the Bg soil because of the high contents of organic matter 
(6.36%) and active Fe (2.4%) and Mn (.059%), even though extremely 
low initial pH (3.0), the redox potentials continued to decrease and 
attained the value of 165 mV after 2 month incubation. The soil Eh 
was more likely to decrease upon prolonged incubation.
Since the initial pH's of the four soils were very low (<4.3),
Mn reduction might take place at any Eh level (Gotoh and Patrick,
O
1972). This seems to be consistent with the E5 of 640 mV of 
Mn0 2 ~Mn2+ system. Hence Mn reduction in all soils could be expected 
to occur before or shortly after submergence. During O2 depletion 
if the relative quantity of reduced Mn exceeds that of O2 and/or NO3 , 
the soil Eh will decrease rapidly. Reduced Mn usually exceeds the 
reduced counterpart of NO3 in most acid soils because nitrification 
is inhibited. Thus the "first mininum of Eh" occurred during the 
first few days of submergence, prior to increasing again as being 
observed in other soils under certain conditions by Ponnamperuma
(1955) and Yamane and Sato (1968), could presumably be at least partly 
due to the effect of reduced Mn. Yamane and Sato (1968) attribute the 
establishment of the first minimum of Eh to the reduction of Hj-0 (or 
H ) to Hi-. In natural water some researchers argue that reduction of
Ojj to Hi»0 , in fact does not occur in a single step as in the reaction
0* + 4H+ + 4e- = 2H*0 (Eh, = +816 mV) [l]
but as two separate reactions
0* + 2H+ + 2e- = H^O (Eh, = +266 mV) [2]
and
HjjOi- + 2H+ + 2e- = 2H;jO ■ [3]
Breek (1974) argues that reaction [3] is much slower than reaction [2] 
and hence Eh is essentially controlled by reaction [2]. The effective 
Eh/ for oxygenated waters would then be +266 mV rather than the value 
of +816 mV predicted by reaction [l], Stumm (1978) disagrees, point­
ing out that some natural redox systems seems to respond as if reac­
tion [l] determines Eh, and some as if reaction [2] controls Eh.
In the present investigation the first Eh minimum could not be 
observed in all soils but it was observed in some soils with organic 
matter added.
In all soils incubated anaerobically without supplementary organic 
matter for the period of 2 months, the redox potentials were too high 
to facilitate sulfate reduction.
After 2 months of anaerobiosis, the soil suspension was supplied 
with air at a flow rate of 25 bubbles per minute (0.35 mL min1). All 
soils increased Eh to values of between 710 to 750 mV within a week of 
aeration.
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1.2 Kinetics of pH
Changes in pH with time of the four acid sulfate soils are illus­
trated in Fig. 4. pH of all soils dropped to a certain minimal value 
during the first few days before starting to increase thereafter. The 
"first minimum" of pH after an aerobic soil is submerged has been 
reported by Motomura (1962) and Ponnamperuma (1965). Ponnamperuma 
(1972) attributed the initial pH drop to an accelerated CO*/ produc­
tion by aerobic bacteria. Other possibilities could be: 1 ) a rapid
increase of organic acid upon incomplete oxidation of easily oxidiz- 
able organic matter and 2 ) a decrease of ion activity product 
(Q) caused by increasing soil moisture content. The decrease of 
activity product of Al3+ and its anions will facilitate more dissolu­
tion of solid aluminum, such as Al oxide, from which Al3+ ions hence 
will remove potential H+ from exchange complexes. In acid sulfate 
soil, ion pairs or soluble salts such as FeSC>4 , Fe^SO^z, and Al 
sulfate and adsorbed S0$ , adsorbed Al, and basic sulfate such as 
AIOHSO4 can be expected to dissolve and hydrolyze to yield H+ ions 
(van Breemen, 1976) at the early stage of submergence. From this 
investigation it was concluded that the phenomenon of "first minimum 
of pH" upon submergence can occur not only in soil bulk but also in 
soil suspension. The first drop of pH in suspension of the four soils 
were between 0.05 to 0.15 units from their initial pH's.
Between the Rs and Rsa soils, the patterns of changes in pH with 
time were alike, even though the former started with a higher initial 
pH of 4.2 and the latter with a lower value of 3.65. Maximal incre­
ments of pH caused by reduction in both soils were only 0.15 pH units.










Fig.4. Changes of pH with time in stirred of the four acid 
sulfate soils incubated under O^-free condition.
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Although the Rs soil had a relatively low extractable acidity (2.9 
cmolf+Jkg1), it contained low active Fe (0.54%) and Mn (.003%) to be 
reduced hence releasing less HCO3 (or OH-) or consuming less H+. The 
Rsa soil, on the other hand, even though containing relatively high 
active Fe (1.21%) (but low in easily reducible Fe, 0.15%), had high 
extractable acidity (10.5 cmol(+)kg1). Both soils tended to decrease 
their pH's after about 1 month of anaerobiosis. In the Rs soil, there 
was an incident of pH reduction observed after 1 month while the Eh 
was still decreasing. For the Rsa soil, a decrease in pH was consis­
tent with an increase in Eh. A decrease of pH in the later period of 
incubation should be due to an inadequate reduction of oxidized Fe 
to counteract with acidity released by the dissolutions and hydrolyses 
of adsorbed Al, adsorbed S0| , and basic sulfate of Fe and Al, such 
as jarosite, alunite, aluminite, and AIOHSO4 (van Breemen and Moormann, 
1978).
The Ma soil had the highest initial pH (4.3). Its pH dropped 
during the first 6 days before starting to increase slowly during 6 to 
1 2 days and increased steadily at a relatively moderate.rate after­
wards. After 40 days its pH reached the maximal value of 4.65. Be­
cause of high active Fe and Mn and low effective acidity, the Ma soil 
would have potentiality to increase the pH more if the anaerobic condi­
tion had been prolonged.
The pre-oxidized Bg soil, having high exchangeable H (14.5 
cmolOOkg1) and exchangeable Al (13.8 cmol(+)kg1) and extremely low 
initial pH (3.0), after having decreased pH of 0.15 units, increased 
pH more rapidly as compared to the other soils. An increase of pH was 
rapid between 1.5 to 8 days and changed to a slower rate thereafter.
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The highest pH of 4.65 was attained after one and a half months with
1.6 pH unit increment. The rapid increase of pH was due to the high 
contents of active Fe (2.4%) and Mn(.059%) and organic matter (6.36%) 
even though the soil contained extremely high extractable acidity 
(28.3 cmolf+Jkg1).
1.3. Kinetics of Mn
Patterns of changes with time of water-soluble and NH4OAC 
extractable Mn in the four soils, from oxidized to reduced and 
reduced to oxidized, are depicted in Fig. 5. The amount of water- 
soluble Mn plus extractable Mn in the Rsa and Rs soils seemed to be 
constant from the beginning to the end of the reduction period. It 
was likely that when the soils underwent reduction, water-soluble Mn 
increased a little due to a release of adsorbed Mn. It can be assumed 
that H+ during the first few days and Fe2+ during the later period 
displace some Mn from the exchange complexes. According to Collins 
and Buol (1970), an increase of Mnii+ upon reduction might also be due 
to a release of Mn2+ incorporated in ferric oxides.
Although the amount of available Mn in the Rsa and Rs soils were 
approximately equivalent, Mn distributions of the two soils were 
different. In the Rsa soil because of extreme acidity, only small 
amount of extractable Mn exceeded that of water-soluble Mn. In the 
Rs soil, the extractable Mn exceeded water-soluble Mn about ninefold 
at the most oxidized condition and sevenfold at Eh about 180 mV.
In the Ma soil during the first 6 days of reduction, water-soluble 
and extractable Mn increased from 22 to 58 mg kg" 1 and from 295 to 
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leveled off and tended to decrease during the later period of time 
whereas water-soluble Mn still kept increasing, but at a slower rate, 
up to 2 0 days before beginning to level off.
No significant change of water-soluble Mn with time could be 
observed in the preoxidized Bg soil. Because of extremely low pH, 
the amount of water-soluble Mn exceeded that of extractable Mn. 
Extractable Mn increased from 55 to 70 mg kg” 1 at 2 0 days before 
beginning to level off afterwards.
A kinetic study on changes in ion concentrations from reduced 
to oxidized conditions was achieved by continuously supplying air at 
rate of 0.35 ml rain 1 in a duration of 30 days. Results showed that 
water-soluble Mn in the Rsa and Rs soils tended to increase slightly 
during the first few days of the reoxidation and decreased thereafter 
Changes of extractable Mn with time of both soils were similar in 
pattern. Extractable Mn was constant during the first week of aera­
tion, decreased about 10 mg kg 1 during the next 7 to 15 days, and 
maintained constant at a certain lower level afterwards. After the 
two soils had undergone reoxidation for a period of a half month and 
up to one month, the extractable Mn was 10 mg kg 1 lower than that in 
the original soils. The decrease of extractable Mn should be due to 
the displacement of exchangeable Mn by A1 and H ions when the soils 
were oxidized. Hydrogen ions were derived from oxidation of organic 
matter, hydroloysis of Al, and oxidations and hydrolyses of S2 , 
Fe(Il), and Mn(II) as well as exchangeable Mn(II) per se. Another 
possibility was the diffusion of exchangeable Mn to replenish dis­
solved Mn in order to maintain equilibrium status when the latter pre 
cipitated.
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Upon reoxidation, water soluble Mn in the Ma and Bg soils in­
creased rapidly and continuously for 1 month. Extractable Mn of the 
Ma soil tended to remain constant for 1 week, then decreased after 
that. Extractable Mn in the Bg soil decreased rapidly during the first 
week and maintained constant afterwards. The increases of water- 
soluble Mn in both soils upon reoxidation should be due to releases of 
extractable Mn. An increase of water-soluble Mn in the Ma soil was 
probably derived from extractable Mn whereas in the Bg soil 50% might 
be derived from extractable Mn and another 50% from other sources, 
dissolving upon soil acidification. After 1 month of oxidation ex­
tractable Mn in the Ma soil decreased to its initial level whereas 
extractable Mn in the Bg soil was 10 mg kg' 1 below its initial level.
1.4. Kinetics of Fe
Changes with time of water-soluble and extractable Fe in the four 
soils are shown in Fig. 6 , The initial concentrations of water- 
soluble Fe in the Rs and Ma soils were relatively low and started to 
increase at a somewhat slow, uniform rate during 1.5 days up to 40 
days. After 40 days water-soluble Fe appeared to level off. Extract- 
able Fe started, with much higher level (> 100 fold) than water-soluble 
Fe, increased at relatively more rapid rate, and reached the peak at 
40 days of 450 mg kg 1 for the Rs soil and 225 mg kg 1 for the Ma soil. 
After 40 days the extractable Fe started to decline.
In the Rsa soil water-soluble Fe increased markedly from the early 
stage of reduction until reaching the peak of 150 mg kg 1 at 20 days, 
leveled off during 20 to 40 days, and decreased a little after 40 days.
On the other hand, extractable Fe in this soil reached the peak at 180
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mg kg 1 within 6 days, then leveled off, and declined with the same 
slope as its water-soluble counterpart after 40 days.
The preoxidized Bg soil started with very high concentrations of 
the initial water-soluble Fe (1 140 mg kg"1) and extractable Fe (930 
mg kg J). This was due to the oxidation of pyrite establishing con­
siderable amount of available Fe. Because of extremely high acidity, 
the concentration of water-soluble Fe exceeded that of exchangeable Fe. 
Upon reduction both water-soluble and extractable Fe appeared to in­
crease slowly during the first 1.5 days and rapidly form 1.5 to 6 days. 
Between 6 to 20 days water-soluble and extractable Fe increased at a 
uniform moderate rate. Later, between 20 and 60 days, water-soluble Fe 
continued to increase but at a relatively much slower rate and attained 
the highest value of 9 030 mg kg 1. Both water-soluble and extractable 
Fe tended to increase more if the incubation was prolonged. If one 
assumes that all of the extractable Fe is exchangeable Fe2+ after 2 
months of reduction the concentration of Fe2+ of 7.57 cmol(+)kg 1 will 
occupy 38 percent of the exchange sites (NH4OAC C.E.C. = 20 
cmol(+)kg 1). The more difficulty for Fe ions to enter exchange com- 
plexed with time might be the major cause of more deviations between 
the amounts of water-soluble and extractable Fe observed in the later 
stage of reduction.
Critical reduction potential of iron in the four soils judged 
roughly might be between 400 and 525 mV for the Bg soil, 350 and 450 
mV for the Rsa soil, and 260 and 280 mV for the Rs and Ha soils. The 
differences among the critical reduction potential of the four soils 
seemed to depend primarily on initial soil pH and secondarily on active 
iron content. The lower the initial pH and/or the higher the active
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iron the higher was the critical reduction potential for soil iron.
In an acid sulfate soil containing a high amount of pyrite such as the 
preoxidized Bg soil, an increase of available iron at the early stage 
of submergance was due in large part to oxidation of pyrite. Pyrite 
oxidation was speeded up at the early stage of submergence when the 
soil moisture tension was reduced. Microorganisms used water along 
with oxidants such as remaining 0*. and/or Fe3+ ions and ferric oxides 
in oxidizing pyrite thereby releasing Fe2+ ions. The increase of 
available iron in this case was derived from biological oxidation not 
reduction. In such soil a judgement of critical reduction potential of 
iron may shift to a higher redox point which is erroneous. The 
critical redox potentials of iron for the four acid sulfate soils will 
also be presented in Chapters 6 and 7.
When the soils were reoxidized, water-soluble Fe in all soils 
decreased markedly during the first 3 days. After 3 days, water 
soluble Fe in the Rsa, Rs, and Ma soils decreased to the respective 
original levels, whereas in the Bg soil water-soluble Fe took as 
long as a month to decrease to the original value (1 140 mg kg *).
This could be due to a replenishment of dissolved FeIi+ from pyrite 
oxidation. After a half month of oxidation, levels of extractable 
Fe in the Rsa, Rs, Ma, and Bg soils were 65, 136, 65, and 930 mg 
kg 1, respectively, below the respective original values.
1.5. Kinetics of A1
Figure 7 illustrates quantitative changes of water-soluble and 
extractable A1 with time from oxidized to reduced conditions and vice 
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soils was relatively low and highly variable; the values in both soils 
were around 0.5 to 3.5 mg kg1. Extractable A1 in the Rs and Ma soils 
as well as in the Rsa soil increased during the first 3 days. This 
was coincident witha decrease in pH during this period. After 2 
months of reduction, the extractable A1 of the three soils were several 
mg kg1 lower than the respective original values.
Water-soluble and extractable A1 in the pre-oxidized Bg soil 
decreased markedly during the early stage of reduction, and the rate 
of decrease was diminished during the later stage. In the Bg soil a 
buffering of pH by A1 occured at pH lower than 3.
A decrease of available A1 is a process by which hydrated A1 ions 
dissociates H ions of the coordinated H^O molecules to buffer an 
increase of pH caused by soil reduction thereby A1 will precipitate as 
A1 oxyhydroxide. In reverse, A1 oxide consumes H+ ions to buffer a 
decrease of pH resulted from soil oxidation thereby releasing A1 ions.
The two processes can be shown by the schematic sketch as follows:
H*0 H*0
HjjO 0jl Ez0 Ox ■» Red HO OH
A1 A1 + 3H
Hj<0 HaO Red * Ox HO H^OHzO Hv-0
A1 hexahydronium ion Hydrated A1 hydroxide
On the left hand side of the reaction, Al3+(Hi.0)t> (A1 hexahydron­
ium ion) (Lindsay, 1979) is the hydrated monomeric aluminum ion. In 
soils, the form of soluble A1 is more complex than this. Soluble A1 
may exist in forms of hydrated dimeric and polymeric (such as 
Alb(OH)^t) (Richburg and Adams, 1970) or Al-flouride complex ion
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(Sillen and Martell, 1964) or Al-sulfate complex ion (Turner and 
Brydon, 1965) or organic bound A1 ions (Chelate) (Frink, 1972).
Water-soluble A1 in the Rsa soil continued to increase from the 
beginning up to 2 months of reduction. This anomalous incident might 
be explained by a decrease of pH during the first 6 days and by a dis­
solution of A1 basic sulfate (Andriesse et al., 1972) and A1 acid 
sulfate during the later period due to increasing pH and lowering ion 
acitivity product (Q) by dilution. A liberation of mobile Al or 
soluble Al salt associated with or occluded by Fe(III) oxides upon 
soil reduction could account for increases in water-soluble Al in this 
soil. Also a decrease of extractable Al seemed to coincide with the 
increase of water-soluble Al, i.e. some of exchangeable Al might be 
removed to aquoeous phase. Moreover, available Al in this soil might 
precipitate slowly because of a relatively low supply of OH from the 
reductions of Fe and Mn oxides.
According to Cate and Sukhai (1964), Al at concentrations as low 
as 1 to 2 mg kg1 are toxic to rice plants. After a 2-month reduction, 
the concentration of dissolved Al in the Bg soil was still as high as 
35 mg kg1; the level was far beyond the critical level. Ponnamperuma 
(1972) noted that raising a soil pH to 4.4 should decrease Al concen­
tration to the non-toxic level (~ 1 mg kg1). In the preoxidized Bg 
soil, when pH rose to 4.5, the dissolved Al was 22 mg kg1.
Although dissolved Al in the Rs and Ma soils was kept somewhat 
low throughout the entire period of investigation, extractable Al in 
these soils was very high even under reducing condition. Since levels 
of water-soluble Al in the Rsa soil and the preoxidized Bg soil were
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very high, the soils would require some measures, other than submer­
gence alone, to suppress Al toxicity in rice.
In original samples of the Rsa, Rs, and Ma soils, although the Al
extracted by 1 M NH4OAC at pH 4.0 appeared to be lower than that 
extracted by 1 M KC1, they were sufficiently close to each other. On 
the other hand, Al extracted from the initial sample of the preoxidized 
Bg soil by 1 M KC1 was 50 percent greater than that extracted by 
1 M NH4OAC at pH 4.0. It seems probable that the more adsorbed Al in 
the soil, the less capability the NH4OAC has on extracting Al.
Upon reoxidation extractable Al in the Rs and Ma soils increased
to certain levels during one week of aeration and decreased to the
levels of the respective original soils between 15 to 30 days. Water- 
soluble Al in the Rsa soil increased during the first 3 days of aeration 
and tended to be constant afterwards. The maximum value of water- 
soluble Al was about 45 mg kg1 higher than the value obtained in the 
original sample. Extractable Al in this soil increased about 100 
mg kg1 in one and a half days, maintained this level up to 1 week, and
decreased to 1 0 0 mg kg1 below the value in the original soil.
Water-soluble Al in the Bg soil increased rapidly during the first 
week of aeration and attained the maximum value in a half month. Ex­
tractable Al increased and reached the peak at the first week after
aeration and declined to a certain value after that. After 1 month of
aeration, water-soluble and extractable Al were 300 mg kg1 higher and 
2 0 0 mg kg1 lower than the respective values observed at time zero.
Decreases of water-soluble and extractable Al in all soils seemed 
to appear after 1 to 2 weeks of aeration (except water-soluble Al in 
Rsa and Bg soils). Precipitation of Al with inorganic anions such as
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phosphate, hydroxy phosphate, and hydroxy sulfate (to form Al basic 
sulfate) under highly oxidized conditions might be the cause of de­
creased Al availability. Formation of stable Al-fulvic acid 
(Schnitzer, 1969) and occlusion of exchangeable Al by iron oxide 
should also be suspected.
1.6. Kinetics of S
Figure 8 shows quantitative changes with time of water-soluble 
and adsorbed S from oxidized to reduced conditions and vice versa.
Since the lowest redox potentials observed in all of the soils were 
still too high for sulfide formation, water-soluble S was mostly in 
the form of SOf and only trace amounts could be expected in other 
forms. Hereafter, these S components will be termed "water soluble S" 
and the amount of S that can be extracted by acetate anion (1 M NH4OAC, 
pH 4.0) will be labeled "adsorbed S". In the Rsa soil, the amount of 
water-soluble S exceeded that of adsorbed S. The water-soluble S in­
creased to 400 mg kg 1 at the 3rd day of submergence and remained con­
stant at this level. Adsorbed S was maintained at the level of about 
320 mg kg 1 throughout the entire period of reduction.
In the Rs and Ma soils, it was likely that water-soluble S in­
creased due to dissolution of sulfur salts during the first 3 days 
and due to a release of S0| into solution by exchangeable S0| and 
the S0| sorbed by hydrous oxides following an increase in pH 
(Ponnamperuma, 1984) and by reductant soluble Fe(III) sulfates at 
intermediate Eh. Adsorbed S in both soils was constant during the 
first 3 days, decreased between 6 to 40 days, and was constant after
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40 days of reduction. Water-soluble S was also constant after 40 days 
of submergence.
In the pre-oxidized Bg soil, adsorbed S increased slightly from 
the beginning to the end of the reduction period. Water-soluble S 
increased rapidly during the first 3 days (~ 6 700 mg kg1) and con­
tinued increasing slightly thereafter. Increases of both water-soluble 
and adsorbed S in the later period of submergence could be attributed 
to the reduction of S0| -containing ferric compounds which released 
S0£ and Fe2+ upon reduction and the hydrolysis of basic sulfate com­
ponents. After 2 months of submergence, water-soluble and adsorbed S 
in the Bg soil were 7 351 and 903 mg kg1 respectively.
Reoxidation of the soils seemed to decrease water-soluble S in 
Rsa, Rs, and Ha soils to the original levels within 15 days. A 
decrease of watersoluble S in three soils upon aeration might be 
partly due to formation of insoluble basic sulfate compounds such as 
AIOHSO4 , etc. Two other possibilities to be attributed to a decrease 
of soluble S could be the formations of adsorbed SO4 and organic S 
at the expense on dissolved S0| . Changes of adsorbed S in the Rsa,
Rs, and Ha soils will not be discussed here because of insufficient 
information.
Reoxidation of the Bg soil increased water-soluble S to 9 076 
mg kg1 in 1 month. Adsorbed S in the Bg soil also increased markedly 
in a short period of time. Increases in water-soluble S and adsorbed 
S were invariably due to biological and chemical oxidations of pyrite.
The biological process was accomplished by virture of Thiobacillus sp. 
when the organisms were supplied with Fe3* and/or O2 and moisture.
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1.7. Kinetics of Si
Quantitative changes of water-soluble and adsorbed Si with time 
in the four soils when the systems had proceeded from oxidized to 
reduced to oxidized conditions are depicted in Fig. 9. Upon soil 
reduction, water-soluble Si in all soils immediately increased and 
continued increasing during the entire reduction period. The increase 
of water-soluble Si during the first few days was probably due to the 
dissolution of soluble silicate salts caused by dilution effect.
Later, the increase of water-soluble Si was due to the reduction of 
Fe(III) and Mn (IV) silicates releasing Si. Liberation of sorbed 
silica and soluble silicate salts occluded by iron oxide could also 
account for increasing dissolved silica upon soil reduction. Adsorbed 
Si in all soils also increased by soil reduction but the increments 
were relatively lower than the corresponding water-soluble Si even 
though the initial values (except the Bg soil) were almost comparable. 
The pre-oxidized Bg soil, containing high intial water-soluble and 
adsorbed Si, increased water-soluble Si from 50 to 670 mg kg' and 
adsorbed Si from 30 to 153 mg kg1 after 2 months of reduction. As 
noted by some workers, concentration of Si in soil solution increases 
with soil reduction (Mortimer, 1941; Ponnamperuma, 1965) and increases 
with increasing pH (Ponnamperuma, 1978). However, van Breemen (1976) 
found that acidification was correlated with the higher Si concentra­
tions in acid sulfate soils.
When the soils were reoxidized, water-soluble Si in all soils 
increased rapidly during the first week. With decreasing pH brought 
about by soil oxidation, it was likely that at Eh values ranging 
between low to medium, a low pH would bring about more solution of Si
164
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than a high pH. This was confirmed by the result in "A control of 
Eh-pH" experiment in Chapter 7. Explanation for the increase of dis­
solved Si during the first week of aeration was that although the dis­
solved Si appeared to increase at a somewhat constant rate during the 
oxidized-to-reduced half cycle, some of it might precipitate with 
Fe(II) and Mn(II) and associated with the precipitations of Al oxide 
and reduced iron oxides; upon reoxidation of the soil, these compo­
nents released silicate ions into soil solution. A return to exchange 
complexes of Mga+ and Cai!+, being removed by Fe2+ and Mni!+ during 
soil reduction and forming Mg and Ca silicates, and a liberation of 
silicate as affected by low pH might be other possibilities of increas­
ing dissolved Si upon soil oxidation. Buffering a decrease of pH by 
breaking down silicate clays would increase available soil Si (van 
Breemen, 1976).
After one week when the soil redox potential were increased, dis­
solved Si in all soils decreased markedly. At high redox potential low 
pH seemed unable to exert much effect on solution of Si. In oxidized 
to highly oxidized conditions Si might precipitate with Fe(III) and 
Mn(lll, IV) and be occluded by ferric oxide. Adsorbed Si in all soils, 
on the other hand, appeared to be constant throughout the entire period 
of oxidation.
II. Soil with 0.5% and 0.5% Split Added Organic Matter
II. 1. Kinetics of Eh (+0.5% and 0.5% 0M)
Changes of Eh (and pH) in the four soils with time, when the soils 
were supplied with 0.5% of ground rice straw at zero time and another
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0.5% at 30 days after incubation, are depicted in Figure 10. With 0.5% 
added organic matter, the first minimum of Eh could be observed only in 
the Rsa and Ma soils. Eh in the Rs soil as compared to the other soils 
dropped most quickly, like in the non-organic matter treated counter­
part, during the first week of reduction but after one week the Ma soil 
was most reduced. Organic matter had apparently more impact on speed­
ing up soil reduction in the Rs and Ma soils than in the Rsa and Bg 
soils. This might be due to low initial pH, high potential acidity, 
and relatively high native organic matter in the two latter soils.
After about 1 month of reduction, the redox potentials in the Rs and 
Ma soils tended to maintain constant values of -25 mV and -75 mV, 
respectively. At this stage the color of soil suspensions turned light 
gray or grayish brown. When another 0.5% rice straw was added at day 
30, the effect of organic matter was remarkably apparent on the Rs and 
Ma soils. The redox potentials in both soils decreased rapidly to 
-180 mV after 2 weeks later. At this stage the color of the suspen­
sion, especially the Rs soil, turned into dark gray, the suspension 
had a strong odor of H;/S gas, and certainly FeS and MnS were probably 
formed.
Addition of the first 0.5% rice straw appeared to exert only a 
small effect on accelerating the reduction during first month of 
anaerobiosis in the Rsa and Bg soils. Eh tended to increase in the 
Rsa soil after one month when the energy sources seemed to be ex­
hausted. When another 0.5% rice straw was added one month after the 
first addition, there appeared to be some effect on Eh in the Rsa soil 
but not on the Bg soil.
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II.2. Kinetics of pH (+0.5% and 0.5% OM)
Changes of pH with time in the four soils are illustrated in 
Figure 10. The pH's in the Rsa, Rs, and pre-oxidized Bg soils de­
creased a little from their initial values and were maintained at those 
values for a few days before starting to increase. On the other hand, 
pH of the Ma soil was maintained below its initial value for 10 days 
before starting to increase. This could be due to a rapid and appreci­
able increase of dissolved C0  ̂produced by the aerobic microbial 
respiration in the presence of easily decomposable organic matter. 
Dissociation of C0j< probably occurs at a lower soil pH (< 5) than 
that noted by van Breemen (1975). With the second addition of rice 
straw, no drop of pH was observed. This was because the system was 
now in anaerobic condition and the reducible Fe was active.
Considering the pH-change patterns in Fig. 4 and Fig. 1 0 , it might 
be inferred that the effects of the split 0 . 5 - 0 . 5 percent, supple­
mentary organic matter on pH increment were insignificant in the pre­
oxidized Bg soil, significant in the Rsa soil, and highly significant 
in the Rs and Ma soils. In the Bg soil, because of high native organic 
matter (6.36%) the effect of added organic matter in the relatively low 
amount was obscured. However, from another experiment of which the 
results are not presented in this dissertation, additions of ground 
rice straw greater than 2.5% or of 0.5% rice straw plus 0.5% peptone 
for this soil increased pH > 6 and decreased Eh below the critical 
potential of sulfide formation (< -150 mV). The combined effect of 
submergence and added organic matter increased the pH of the Rs and Ma 
soils, after 2 months of incubation, to 6.1 and 6.4, respectively. Let 
us assume that pH 5.0 is an optimum pH for rice (acidophilic plant).
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With 0.5% added dry ground rice straw in conjunction with submergence, 
the pH will reach that level in 12 days for the Ma soil, 18 days for 
the Rs soil, and not at all for the Rsa and Bg soils.
III. Soil with 1% Added Organic Matter
III. 1. Kinetics of Eh (+1% OM)
Eh kinetics in the four soils amended with 1% rice straw are 
illustrated in Fig. 11. In the study from oxidized to reduced condi­
tions, the first minimum of Eh was observed only in the Ma soil during 
the first few days after incubation. It was likely that the general Eh 
patterns of all soils during the first 2 months were similar to those 
of the corresponding soils treated with organic matter in the split 
application shown in Figure 10. The only difference was an accelerated 
rate of reduction in the single application over the split application 
during the first month of submergence. After 1 month, the effect of 
added organic matter in all soils seemed to be small. Eh in the Ma 
soil reached it's minimal point and kept constant afterwards, Eh in 
the Rsa soil reached the minimal point and started to increase there­
after, and Eh in the Rs and Bg soils still kept decreasing slowly.
After incubation for 3 weeks in the Ma soil and 2 months in the Rs 
soil, the Eh reached -150 mV, the critical value for sulfide formation 
as noted by Connell and Patrick (1968, 1969); sulfide was invariably 
formed in the two soils. Also sulfide might be expected to form in 
the Bg soil during 3 to 4 months of reduction at Eh about -80 mV.
This soil contained very high amounts of S0i£ and total sulfur.
Upon reoxidation, Eh's in the Rsa, Rs, and Ma soils increased 
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Eh's observed in the 3 soils were around 700 to 750 mV. Redox poten­
tial in the Bg soil, on the other hand, increased slowly. This was 
probably due to the extreme acidity delaying the oxidation of Fe(II) 
and Mn(II) as well as NH4 . In addition, oxidation of pyrite through 
a use of oxidant Fe3+ with a release of reductant Fe^* could account 
for a delay of Eh increment. At one month after aeration, Eh in the 
Bg soil reached a maximal point of 820 mV. The very high activity of 
H+(pH = 1 .8 ) accounted mainly for a high maximal redox potential.
III. 2. Kinetics of pH (+1% OM)
An initial decrease in pH was not observed in any of the soils 
during the early stage of reduction (Fig. 12). This might be due to 
the fact that the addition of organic matter caused iron and manganese 
to be reduced quicker. The OH” produced earlier could consume the H+ 
produced by dissociation of CÔ , Al, and S0̂  , preventing the initial 
decrease in pH.
pH changes during the first 2 months in soils that had received 
1% organic matter, either as a single (Figure 12) or as split applica­
tion (Figure 10) were not significantly different. An exception was 
for the Rs soil which showed greater increases in pH due to a split 
application.
In the study from reduced to oxidized conditions, pH decreased 
from 6.1 to 4.5 within 2 days in the Ma soil and from 5.4 to 4.2 within 
1 day in the Rs soil. Because of a narrow range in pH increment during 
the reduction period, pH in the Rsa soil appeared to decrease slowly 
upon reoxidation. In the Bg soil pH decreased somewhat rapidly and 
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units below the initial pH. This was probably due to tbe oxidation of 
pyrite. The pH*s of the Rsa, Rs, and Ha soils assumed their initial 
values after 15 days of aeration.
III. 3. Kinetics of Mn (+1% OM)
Kinetics of water-soluble Mn in the four soils supplemented with 
1% organic matter are illustrated in Fig. 13. A study from oxidized 
to reduced conditions revealed that water-soluble Mn in the Rsa soil 
appeared to be constant throughout the entire course of reduction. It 
was likely the decreases in water-soluble Mn in the Rs and Bg soils 
between 3 to 4 months and in the Ma soil after 3 weeks of reduction 
was due to precipitation of MnS, since this seemed to coincide with 
low redox potentials (Fig. 11) and a decrease in dissolved sulfur 
(Fig. 16).
Upon reoxidation the relative amount of water-soluble Mn in all 
soils increased much greater than the values observed in the corres­
ponding non-OM treated soils. This increase of water-soluble Mn could 
be due to a release of Mn2* from oxidation of MnS (in Rs, Ma, and Bg 
soils) and increased displacement of exchangeable Mn by other cations.
III. 4. Kinetics of Fe (+1% OM)
Figure 14 shows kinetics of water-soluble Fe from oxidized to 
reduced and reduced to oxidized conditions. The relative concentra­
tions of water-soluble Fe in the Rsa, Rs, and Ma soils during soil 
reduction were much greater than the values observed for the corres­
ponding soils without OM treating. The maximum concentration of 
water-soluble Fe in the Bg soil supplemented with OM was approxi-
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mately equal to (~9 000 mg kg *) that of the non-treated soil. How­
ever, the former attained the peak value within one month whereas the 
latter took two months. Water-soluble Fe in the Rsa soil increased 
throughout the anaerobic period. In Ma and Rs soils, water-soluble 
Fe started to decrease after 2 and 3 months of incubation, respec­
tively.
Reoxidation rapidly decreased concentrations of water-soluble Fe 
in all soils except in Bg soil. In the Bg soil iron precipitated at 
a relativly moderate rate during the first 15 days of aeration. The 
rate was relatively slower during the later period, probably because 
the extreme soil acidity allowed the ferrous iron to remain in solu­
tion. Precipitation of Fe in the OM-treated Bg soil was relatively 
much slower than the non-treated soil. This was probably due to 
greater amounts of organic residues in the former being oxidized than 
in the latter, thereby lowering pH more quickly. Another possibi­
lity was that dissolved Fe formed more chelates with organic ligands 
and decreased the levels of ionic iron. After a month of aeration, 
water-soluble Fe was still five times higher than its initial value.
III. 5. Kinetics of A1 (+1% 0M)
Figure 15 shows changes of water-soluble A1 with time in the Rsa 
and Bg soils from oxidized to reduced and reduced to oxidized condi­
tions In Rs and Ha soils, because of low water-soluble A1 contents, 
the analyses seemed to be variable. Reduction brought about a 
decrease of water-soluble A1 in the Bg soil during the first month, 
and after that water-soluble A1 remained constant throughout the 
reduction period. Course, rate, and extent of changes in water-
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soluble A1 from zero to 60 days were approximately the same as that 
in the untreated soil (Fig. 7).
In contrast to that in the non-OM supplemented soil, water- 
soluble A1 in the OM-treated Rsa soil decreased during the first week 
of reduction. This may be due to earlier and greater reduction of Mn 
and Fe, yeilding more OH ions to precipitate Al. Water-soluble A1 
in the OM-treated Rsa soil, on the other hand, was twice as much as 
its non-treated counterpart. The relative higher amount of water- 
soluble Al was probably due to replacement of adsorbed Al by Fe''* 
and Mn1'* ions.
Reoxidation increased water-soluble Al in the OM-treated Rsa and 
Bg soils faster than the corresponding non-treated soils. The greater
amount of water-soluble Al in the former could be due to increased
+ + comsumption of H ions by Al oxides. The more H ions were produced
from the oxidation in relatively larger amounts of dissolved and
adsorbed Fe(II) and Mn(II) and organic residues. Also, the greater
amount of organic bound Al ions in the OM-treated soils would probably
decrease the amount of Al reacting with OH ions, thereby delaying
precipitation of Al oxide.
It is likely that an amelioration of the Rsa soil by submergence 
alone or by a combination of submergence and organic matter could not 
sufficiently reduce Al toxicity to rice grown on this soil. Other 
measures, such as liming, may be appropriate for this soil. The 
effects of lime and/or submergence on Al chemistry are presented in 
Chapter 8 .
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III. 6. Kinetics of S(+1% OM)
Changes in water-soluble S with time in the four soils from 
oxidized to reduced and reduced to oxidized conditions are illus­
trated in Fig. 16. In the Rsa soil water-soluble S decreased during 
the first week of reduction and slowly increased thereafter. The 
concentration of water-soluble S in the Bg soil increased from begin­
ning of the incubation until 3 months and decreased thereafter. A 
decrease of water-soluble S in this soil between months 3 and 4 may 
be due to sulfide formation. This was evident by low Eh (— 80 mV) 
and dark soil color.
In the Rs and Ma soils, water-soluble S started decreasing during 
the first few days of reduction and reached minimum concentrations of 
less than 10 mg kg 1 in the 2nd and 4th months in the Rs and Ha soils, 
respectively. This was in contrast to the non-OM treated soils (Fig. 8 ) 
in which concentrations of water-soluble S were not depressed. After 
15 or 30 days of soil reduction, insoluble metal sulfide was formed at 
sufficiently low Eh, resulting in decreasing concentration of water- 
soluble S. However, water-soluble S in these two soils appeared to 
decrease earlier than 2 weeks of reduction when the soil Eh was still 
relatively high; other explanations rather than sulfide precipitation 
would be required.
Upon reoxidation water-soluble S in the Rs and Ha soils increased 
considerably, probably due to oxidation of insoluble sulfide to soluble 
S0$~. This was in contrast to the untreated soils (Fig. 8 ) which 
water-soluble S decreased upon aeration. Increases in water-soluble S 
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in the untreated soil. In contrast to the other soils, water-soluble
5 in the Rsa soil treated with organic natter decreased upon reoxi­
dation.
III. 7. Kinetics of Si(+1% OM)
Water-soluble Si in all soils supplemented with organic matter, 
increased with time of anaerobiosis (Fig. 17). But the magnitudes 
of increased dissolved Si in all soils were much smaller than those 
observed in the corresponding untreated soils (Fig. 9). This was 
probably due to the greater amounts of Fe(II) and Mn(II) caused by 
added organic matter precipitating more Si.
When the soils were reoxidized, water-soluble Si in all soils 
increased rapidly. Concentrations of dissolved Si in the Rsa soil 
peaked at a half month before starting to decline. In the other 3 
soils water-soluble Si increased throughout a month of oxidation. In 
contrast, water-soluble Si in the untreated soils peaked within 1 week 
before beginning to decline.
Upon reoxidation water-soluble Si in the OM treated Rsa, Rs, and 
Ma soils increased in relatively greater amounts than those in the 
untreated soils. The reverse could be observed in the case of the 
Bg soil.
III. 8 . Kinetics of P(+l% OM)
Water-soluble P in the Bg soil increased throughout the entire 
reduction period (Fig. 18). The.initial value of water-soluble P was
6 mg kg 1 and the value reached 24 mg kg 1 at the fourth month of 
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Fig. 18. Changes of water-soluble F with time in stirred suspension 
of the Bg soil containing 1% added organic matter when the 
system proceeding from oxidized to reduced conditions and 
vice versa.
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during the first day and reached the minimal value at about a week 
after aeration. An increase of P caused by reduction and a decrease 
of P caused by oxidation of soils seemed to be closely related to the 
mobilization and immobilization of iron and also related to Al chem­
istry.
Chapter 6
Effect of Cycling of Controlled Redox Potential 
from Reduced to Oxidized Conditions and Vice Versa 
on Solution Chemistry of Acid Sulfate Soils
Objective
The experiment was designed to quantify changes in Fe, Mn, Al, Si,
P, Zn, and Cu in water-soluble and NH4OAC extractable fractions in acid 
sulfate soils upon stepwise cycling of controlled redox potential from 
reduced to oxidized conditions and vice versa. The purposes of the 
investigation also included: a comparison of concentration curves of
the respective constituents in each soil between reduced to oxidized to 
reduced conditions; a judgement of critical potential at which iron 
begins to be reduced and at which it completely precipitates; and a 
thermodynamic prediction of iron compounds that govern the solubility of 
reduced iron.
Materials and Method
Four acid sulfate soils, namely, Rsa, Rs, Ma, and pre-oxidized Bg 
and a non-acid-sulfate marine soil, Bk, as described in Chapter 4 were 
employed in this experiment. The Bk soil was used as the represen­
tative for the most suitable soils for paddy in Thailand.
Each of two-replicated soils (200-g solid containing 0.5% dry 
ground rice straw) was preincubated under submerged conditions (1:9 
soil-water ratio) in a three-necked flask. The preincuabtion was 
carried out under a completely closed condition for 2 months, with 
periodic shaking to prevent the formation of any large crystal precip­
itates before the flask was set on the redox control assembly described 
in Chapter 5. The preincubated soil suspension had been stirred and 
kept anaerobically for one month before an aliquot was first withdrawn.
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Redox potential in stirred soil suspensions were controlled and 
stepwise cycled from reduced to oxidized conditions (half cycle) and 
later back to the highly reduced condition (full cycle). The selected 
potentials were: the lowest Eh, -150mV, -50mV, +50mV, +150mV, +250mV, 
+350mV, +450mV, +550mV, and the highest Eh. The incubation time inter­
val for each redox set point was 2 weeks in the Red ■* Ox half cycle and 
1 week in the Ox -» Red half cycle.
Redox potential control at desired values was acheived by a 
balance of reduction process which caused the potential to decrease 
and air supply (O2 ) which prevented potential from decreasing. For 
controlling redox potential, two Pt electrodes and a combined salt 
bridge-calomel completed an electrical circuit at a potentiometer 
output, which sent a signal to a meter relay. The meter relay in turn 
would activate an air pump to supply air if the potential was below 
the set point and would deactivate the pump when the set potential was 
reached. Native and added organic matter activated soil reduction.
Nitrogen gas was continuously purged into the flask in order to purge 
excessive O2 from the air addition to control Eh as well as other gases. 
Ability to control slow flow rate of O2 by virtue of a capillary tubing 
( 1 0 tiny bubbles per minute = 0 . 1 - 0.15 ml min 1) in conjunction with 
continuous N2 flow resulted in obtaining as close potential as ±5 mV.
In the Ox ■* Red half cycle, the Eh of some acid sulfate soils 
tended to stabilize in which case small amounts of peptone solution 
were injected (as needed) through the serum cap to provide energy and 
nitrogen sources for microorganisms.
In this investigation pH was not controlled and was permitted to 
fluctuate naturally. Since the investigation took more than 10 months
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to conduct the combination pH electrode was periodically checked and 
calibrated if needed. At each desired redox potential, pH was moni­
tored before a 40 ml aliquot of the soil suspension was withdrawn for 
the water-soluble and NH4OAC extractable fractions by the same respec­
tive procedures described in Chapter 5. The concentrations of Fe and 
Mn, as well as some other elements in extracts of the two fractions 
were determined by the ICP.
Results and Discussion
1. Effect of cycling of controlled redox potential from reduced
to oxidized to reduced on pH.
Upon preincubating the soils containing 0.5% added organic matter 
under anaerobic condition for 2 months, the lowest redox potentials 
obtained were -270 mV for Bk soil, -250mV for the Ma and Rs soils, and 
-150 mV for the Rsa and Bg soils. The pH at these redox points were 
7.4, 7.0, 6.7, 6.1, and 6.0 for the Bk, Ma, Rs, Bg, and Rsa soils, re­
spectively. Later, when the reduced soils were oxidized to the highest 
redox potential in stepwise fashion (at 100 mV intervals) with the 
potential being held constant at each selected redox point for two 
weeks, pH in each of the soils declined until reaching the lowest 
value of its initial pH. The curves of changes in pH upon oxidation 
of the five soils are depicted in Fig. 1. There appeared to be 3 
Eh/pH slopes for each soil. The slopes calculated by the Least Square 
Method are given in Table 1. Of all soils, a decrease of pH per 100 
mV redox potential increment was relatively small at the redox range 
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Fig* 1. pH.decrement curves of the five soils resulting from
stepwise cycling of controlled redox potential in stirred 
suspension from reduced to oxidized conditions,using a 
two-week incubation interval.
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intermediate redox range, and relatively small in the redox range bet­
ween oxidized to highly oxidized conditions.
A decrease in pH when a soil has undergone oxidation is attributed 
to oxidation of inorganic and organic constituents in the soil. In 
general, Fe2+ is regarded as the most significant species that yields 
H+ upon oxidation and hydrolysis.
Table 1. Number of mV increment of redox potential per unit 
decrement of pH
Soil Eh range dEh/dpH Eh range dEh/dpH Eh range dEh/dpH
mV
Rsa -150 to 50 -385 50 to 150 -167 150 to 700 -406
Rs -250 to -50 -642 -50 to 150 -284 150 to 700 -451
Ma -250 to 250 -313 250 to 450 -165 450 to 700 -644
Bg -150 to 50 - 1 0 0 0 50 to 650 -173 650 to 850 -500
Bk -270 to -50 -438 -50 to 150 -167 150 to 700 -966
However, in some soils, such as acid sulfate soils (especially sulfa- 
quepts and sulfaquents), sulfide oxidation also causes an appreciable 
effect on pH.
In the low redox range, the Eh/pH slopes ranged from -313 mV in 
the Ma soil to -1000 mV in the preoxidized Bg soil. The slopes are 
very different from the theoretical values of the important inorganic 
system in soils. The slopes observed in all soils were even much 
steeper than that of the iron system of which the slope theoretically 
is steepest (H+/e- ratio = 3) among those of the important inorganic 
redox systems in soils. Let's suppose that Fe2* - Fe(0 H) 3 system is
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the sole redox system that governs changes in redox potential and pH
in soil. In pure solutions, increasing redox potential by 177 mV will
decrease 1 pH unit. The expression is indicated in the following reac­
tions and equation:
Fe2+ + 3H20 -> Fe(0H) 3 + 3H + e- [l]
or written as
Fe2+ + 3H20 -► Fe(0H) 3 + 2H+ + H (nascent H) [2]
and
Eh = 1.06 - .059 loga Fe2+ - 177pH [3]
According to eq. [2], 1 mole of H goes along with 1 mole of e- to 
electron chain systems and is converted to H20 by terminal oxidase 
whereas the other 2 moles of H+ are the active H+ playing role in 
decreasing pH. In a buffered system such as a soil, some of the 
released active H+ ions will be turned into potential hydrogen, result­
ing in an only slight decrease in pH or none at all.
Upon oxidation of a reduced soil, the important components that 
buffer against a decrease in pH are exchangeable and non-exchangeable 
sites of soil colloids and Al oxides. HC03, OH , and carbonates of Ca,
Mg, and Na are important buffers in saline, alkaline, and calcareous 
soils. In the present investigation, cation exchange reactions and Al 
oxides are probably the major components responsible for buffering 
against decreasing soil pH upon oxidation of the five soils in the 
highly reduced to reduced range. In the Bg soil, high carbonate con­
tent could be one of the dominant pH retardants. However, since the 
slope was as great as 1000 mV per pH unit, some other pH buffer species 
should also be present.
At the intermediate redox range, oxidation brought about a rapid
decrease in pH, and the Eh/pH slope, obtained for all soils except Rs 
soil, was a few millivolts apart from the theoretical values (-177 mV) 
for Fe(II) - Fe(III) oxyhydroxide system. It was likely that the iron 
system completely controlled the Eh/pH slope. H+ ions released through 
the oxidation-hydrolysis reaction of the reduced iron probably much 
exceed the buffering capacity in the soil which seemed to be less 
in this redox range. In the Rs soil for which the Eh/pH slope was -284 
mV, the active iron was too low (0.54% Fe) to be able to completely 
dominate a decrease of pH against buffer capacity in the soil. In the 
Bg soil, because of a considerable supply of Fe2* from FeS2 oxidation, 
the Fe2 -ferric oxyhydroxide system seemed to completely regulate a 
decrease in pH until the redox potential reaching +650 mV. In this Eh 
range, the oxidation of disulfide to S0| and hydrolysis of S0| would 
probably be a minor proton donor (H+/e- = 1.14) as compared to Fe2+- 
Fe(III) oxyhydroxide system.
Between the range of Eh +650 mV to +850 mV for the Bg and between
oxidized to highly oxidized for the other four soils, decreases in pH
were small as compared to increases in Eh. The Eh/pH slope ranged from
-406 mV for the Rsa soil to -966 mV for the Bg soil. Before the redox
potential in this range was reached, a large amount of reduced iron,
both in the water-soluble and exchangeable fractions, had already been
oxidized and precipitated. In contrast, the buffering capacity in the
soil might be stronger again in this redox range. Consequently, Fez+-
Fe(0H) 3 system could not completely control a decrease in pH in this
+ +redox range. Some other species such as Mn2 , NH4 , and CO2 derived 
from respiration processes may have played a large role in decreasing 
soil pH in this range. The Eh/pH slope obtained for all soils were
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severalfold apart from -59 mV or -177 mV. The significant pH buffers 
in this redox range could be A1 (0H)3 , pH-dependent CEC, and organic 
or inorganic conjugate bases. In extremely acid soil, such as the Bg 
soil, at pH below 1.5 or 2.5, S0| will consume H+ and turn into HSO4 
(Lindsay, 1979; van Breemen, 1972).
In the intermediate redox range, the experimental Eh/pH slopes 
obtained were close to the predicted theoretical values of iron redox 
equilibria in soils. There are some questions about which species of 
iron oxide regulates Fe2+ activity and redox equilibria in the five
soils in this range. Therefore, a (pe + logaFe2+)/pH diagram was con-----
structed. The activity coefficient of Fe2+ was calculated by the 
Extended Debye Huckel formula. The ionic strength of the soil solution 
in a stirred suspension (1:9 soil-to-water ratio) under a given control­
led redox potential was derived from calculating the analytical concen­
trations of the significant ions. Except those of Cl and HCO3 which 
were approximated from averaging the appropriate selected values of the 
respective soils reported by van Breemen (1972). It was apparent that 
the ionic strength in the soil solution of every soil increased when 
the redox potential was increased (in the intermediate redox range).
In the preoxidized Bg soil, the ionic strengths increased from 0.133 
mol L 1 at Eh +50 mV and attained a maximal value of 0.180 mol L 1 at 
Eh +350 mV and decreased a little afterwards as Eh increased to +650 mV.
The increase of ionic strength in the soil solution upon oxidation of 
the Bg soil would mainly be due to pyrite oxidation which brought about 
the rises of Fe2+, Fe3+, H+, Al3+, S0| , Na, K+, Ca2+, and Mg2+ in soil 
solution. The averaged ionic strengths, regardless of redox potential, 
in soil solutions were 7, 8 , 9, 14 and 150 mmol L 1 for Ha, Bk, Rs,
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Rsa and Bg soils, respectively. The averaged percentages of Fe2+ activ­
ities with respect to their concentrations were 71%, 69%, 6 8%, 63%, and 
39% in Ma, Bk, Rs, Rsa, and Bg soils, respectively.
Four iron systems with known log k°  values were chosen as the 
speculated species to represent the theoretical lines of pe + logaFe2+ 
versus pH as follows:
1 ) Fe2+-Fe(OH)a (amorphous ferric hydroxide)
Fe2+ + 3H20 = Fe(0H) 3 + 3H+ + e- [A]
where log K° = pe° = 17.91, or E° = 1.057 (Gotoh and Patrick,
1973) for which:
pe + logaFe2+ = 17.91 - 3pH [5]
2) Fe?+-Fe(0 H) 3 (soil ferric hydroxide)
Fe2+ + 3H20 s Fe(OH) 3 + 3H+ + e- [6 ]
where, log K °  = pe° = 15.74 (Norvell and Lindsay, 1981) for which: 
pe + logaFe2* = 15.74 - 3pH [7]
3) Fe2+-aFeOOH (Geothite)
Fe2+ + 2H20 = FeOOH + 3H+ + e- [8 ]
where log K° = pe° = 13.02 (Lindsay, 1979) for which:
pe + logaFe2+ = 13.02 - 3pH [9]
4) Fe2+-Fe2 0 3 (Hematite)
Fe2+ + 1.5H20 = Fe203 + 3H+ + e- [10]
where log K° = pe° = 12.34 (Latimer, 1952) for which:
pe + logaFe2+ = 12.34 - 3pH [ll]
The pe + logaFe2 versus pH plotted from experimental data and the 
thermodynamic theoretical lines of the four iron systems are depicted 
in Fig. 2. Results indicated that in the Bk soil at Eh between -50 mV 








1: Fa -Fe(OH)^ (Amorphous) system 
pe + log aFe2+- 17.91-3pH (Eq. 5) 
2: Fe2+-Fe(OH)3 (soil) system
pe + log aFe2+- 15.74-3pH (Eq. 7) 
3: Fe2+-FeOOH (Goethite)
13.02-3pH (Eq. 9 ) 
(Eq. 11)
pe + log aFe
Fe2+-Fe203 (Hematite) 
pe +log aFe2+- 12.34-3pH
pH
Fig. 2 . A thermodynamic prediction o£ iron oxide species
governing Fe^+ activities in the five soils in the 
redox range where dEh/dpH approximately—177 mV.
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+650 mV, Fe(OH)s (soil) was probably the iron species that controlled 
Fe2+ activities, pH, and redox equilibria. Amorphous Fe(0H)3 , having 
log K °  (of reaction) of 17.91, could be the iron species that governed 
Fe activities, pH, and redox equilibria in the Ma soil. In the Rsa and 
Rs soils the iron oxide species, which had a more or less log K° (of 
reaction) of between Fe(0H) 3 (soil) and Goethite (log K °  = 13.02), 
could presumably control Fe2+-pH-redox equilibria. In other words, 
when the redox potential was shifted from reduced to oxidized condi­
tions (in intermediate redox range), the solid phase of iron governing 
Fe2+ activities, pH, and redox equilibria was Fe(0 H) 3 (soil) in the Bk 
and Bg soils, and amorphous Fe(0H) 3 in the Ma soil. The ferric oxide 
with a log K° (of reaction) in between that of Fe(0H)s (soil) and 
Goethite was predicted to be controlling Fe2 activities in the Rsa 
and Rs soils, van Breeman (1969) claimed that the equilibria between 
ferric and ferrous iron are governed largely by ill-defined ferric 
oxide, which the Gj is intermediate between amorphous Fe(0H) 3 and 
a-FeOOH as far as stability is concerned. Gotoh and Patrick (1973), 
from a controlled Eh/pH experiment in stirred soil suspension, noted 
that Fe2+ activities in soils were controlled by ferric oxyhydroxides 
that have ion activity products intermediate between that of amorphous 
Fe(0H) 3 (PQ = 37.3) and crystalline Fe(0H)s (PQ = 43.3).
When the most oxidized condition had been attained, the redox 
potential was then controlled stepwise back to reducing condition, 
using a one-week incubation interval for each of redox set points. pH 
is plotted as a function of Eh in Figure 3. Compared to the first half 
cycle, pH at the respective redox potentials for the second half cycle 
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Fig. 3. pB increment curves of the five soils resulting from
stepwise cycling of controlled redox potential in stirred 
suspension from oxidized to reduced conditions ,using a 
one-week incubation interval.
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Rs, and Bk soils, respectively. By assuming that the redox/ion equil­
ibria are reached within a two-week time span and not significantly 
different between the two half cycles (Patrick and Henderson, 1981), 
only the Bk soil attained equilibrium conditions within one week. For 
the five soils studied it might be concluded that the intial pH of the 
soils was the primary factor affecting time for equilibrium. The lower 
the initial pH, the longer time required for the equilibrium was.
Amounts of active iron and organic matter contained in the soils would 
play secondary roles in shortening equilibrium time.
In the oxidized-to-reduced half cycle, there appeared to be 
a redox range at which Fe2+-Fe(0H) 3 system conqiletely governed 
an increase in pH per unit decrease of Eh. However, it was by no means 
consistent in the redox range with that in the first half cycle.
2. Effect of cycling of controlled redox potential from reduced to
oxidized to reduced on iron.
Before presenting and discussing the results obtained on the be­
havior of iron and Mn upon soil oxidation and reduction, it is appro­
priate to first discuss what has happened to the two redox elements 
during the preincubation period. During the preincubation time the 
soil, containing 0.5% added organic matter, was submerged with ninefold 
water to its weight, and the flask was completely closed and shaken 
periodically for 2 months. When the soil started reducing the highly 
oxidized oxides of iron (such as Fe(0H) 3 or FeOOH) and manganese (such 
as Mn0 2 ) became unstable. When pe + pH dropped below 16.6, Mn(IlI) 
oxides, such as MnOOH, would be expected to control solution of Mn2 , 
and below pe + pH of 11.5, Fe(II + III) oxides, such as Fe3 0 4 , are be-
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lieved to govern solution of Fe2+ (Lindsay, 1979).
In waterlogged soils, a partial pressure of CO2 gas of 0.03 MPa
(0.3 atm) (1000 fold atm CO2 ) is not uncommon. In the present system,
because biological reaction was speeded up by the added organic matter
and the resultant gases were unable to escape, the least assumption of 
_ 2 . 5
0.0003 MPa (10 atm) for CO2 (gas) pressure for the system would not 
be overestimated.
At a sufficiently low redox value (pe + pH), FeCOg and MnC0 3 may 
form if PCO2 and Fe2+ or Mn2+ activity are adequately high and H+ ions 
are adequately low. Thermodynamically, FeC0 3 (siderite) could form
only in the Bk soil at PCO2 of 10 MPa and could form in the Ma,
-2  5Rs, and Bg soils if PCO2 reached 10 ‘ MPa. FeC0 3  might form in the
Rsa soil only at PCO2 above 10 **** MPa. MnC0 3 (Rhodochrosite) could
-2 5possibly form in the Bg and Ma soils only at PCO2 above 10 * MPa
-1 5and 10 ‘ MPa, respectively, and would not likely form in the Bk, Rs,
and Rsa soils due to unsaturation with respect to the Ksp of MnC0 3 .
At redox values (pe + pH) below the point at which FeC0 3  and MnC0 3
were formed, Fe2+ and Mn2+ might precipitate with silicate. Since Fe
and Mn Bilicates are somewhat soluble, thermodynamically, the precipi- 
+ +tation of Fe2 and Mn2 by silicate would not likely occur in all soils. 
There was clear evidence for Fe and Mn sulfide precipitation in all 
soils. Under the most reduced conditions, the pH of all soils was 
still relatively too low for Fe2+ and Mn2+ hydroxides to precipitate.
A control of solubility of a redox element is a phase order if the 
equilibrium condition in the systme is attained for each step of the 
solid phase shift. Generally, the more reduced the solid component 
governing ion equilibria, the greater the ion activities. An exception
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may be a t  l e a s t  f o r  s u l f id e  by w hich, when c o n t r o l l in g  io n  e q u i l i b r i a ,  
th e  a c t i v i t i e s  o f  some c a t io n s  may be d e p re s se d . In  a n o n -e q u ilib r iu m  
sy stem , mixed s o l id  s p e c ie s  may c o n t ro l  io n  a c t i v i t i e s  to g e th e r  a t  th e  
same tim e . In  th e  case  o f  th e  p r e s e n t  s tu d y , th e  p re in c u b a tio n  m ight 
b r in g  ab o u t a c o e x is te n c e  o f  p r e c i p i t a t e d  c a rb o n a te  and s u l f id e  o f  
F e ( I I )  o r  M n (II).
Changes in  w a te r - s o lu b le  and NH4 OAC e x t r a c ta b le  Fe in  th e  f iv e  
s o i l s  from Red ■* Ox and Ox ■* Red c o n d it io n s  a re  i l l u s t r a t e d  in  F ig .
4a -» e .  When h ig h ly  reduced  s o i l s  w ere o x id iz e d  to  -150 mV o r  -50  mV, 
th e  w a te r - s o lu b le  Fe in  th e  Rsa s o i l  (F ig . 4 a ) ,  th e  Ma s o i l  (F ig . 4 c ) ,  
and Bk s o i l  (F ig . 4d) in c re a s e d  b e fo re  d e c l in in g  t h e r e a f t e r  to  a t t a i n  
minimum v a lu e s  a t  h ig h ly  o x id iz e d  p o t e n t i a l .  The in c re a s e  o f  w a te r-  
s o lu b le  Fe in  th e  redox range m entioned co u ld  be due to  th e  o x id a tio n  
o f  i ro n  s u l f id e  from w hich s u l f id e  and some p a r t  o f  i r o n  w ere re le a s e d  
in to  s o lu t io n .  The i r o n  system  p ro b a b ly  s h i f t e d  from F e 2 -FeS to  Fe2 - 
FeC0 3  sy stem s, th e re b y  in c re a s in g  w a te r - s o lu b le  F e . T h is  ev idence  
co u ld  a ls o  be observed  in  th e  Ox -*■ Red h a l f  c y c le  e x c e p t t h a t  th e  peaks 
(o b serv ed  in  th e  Ma and Bk s o i l s ) ,  p r i o r  to  p r e c i p i t a t i o n ,  w ere s h i f te d  
tow ards more o x id iz e d  p o t e n t i a l s .  A s h i f t  o f  i r o n  p r e c i p i t a t e d  as  S2 
to  C0 § m igh t o r  m igh t n o t o ccu r b ecau se  PCO2  was now reduced  n e a r ly  to  
10 4 , 5  MPa by N2  and a i r  b u b b lin g s .  The system  m igh t s h i f t  to  th e  
in te rm e d ia te  redox  system  such as Fe2+-F e 3 0 4  system . C ontinuous 
o x id a tio n  o f  th e  s o i l s  b ro u g h t ab o u t a d e c re a se  o f  w a te r - s o lu b le  Fe to
v a lu e s  o f  2 mg kg 1 a t  EI14.2  +550 mV in  th e  Rsa s o i l ,  23 mg kg 1 a t
Eh4 .fi +350 mV in  th e  Ma s o i l ,  and 20 mg kg 1 a t  EI15.7  +150 mV in  th e
Bk s o i l .  The c r i t i c a l  redox  p o t e n t i a l s  (Eh) a t  th e  pH o f  th e  th r e e





























Fig. 4. Effects of stepwise cycling of controlled redox potential from reduced to oxidized conditions and vice versa on water-soluble and 
extraccable Fe In stirred suspensions of the five soils. The number at a symbol point denotes the pH of soil suspension at a 
respective Eh.
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respectively. At these redox (pe + pH) values, the solid phase that 
controlled dissolved Fe in solution should be Fe(OH)s in the Rsa and 
Ma soils and Fes0 4 and/or Fe(0H) 3 in the Bk soil. At higher redox 
(pe + pH) value, Fe(0H) 3 was believed to control iron solubility in 
the Bk soil as in the Rsa and Ha soils. However, dissolved iron did 
not decrease. This might be due to the fact that inorganic and organic 
ligands had maintained a relatively high amount of iron in the soil 
solution.
As opposed to the first three soils, the Rs soil (Fig. 4b) showed 
no increase of water-soluble Fe when the soil redox potential was 
increased from highly reduced to reduced conditions. Although iron 
sulfide was invariably formed in this soil, its depressing effect on 
iron was not evident. This was probably due to low active S in this 
soil. Results were consistent between the two half cycles. Thus, upon 
increasing redox potential in this soil, water-soluble Fe kept decreas­
ing and reached the initial minimum value of 2 mg kg 1 at EI1 5 . 3 +350 mV.
At this Eh-pH, which is equivalent to redox (pe + pH) value of 11.23, 
Fe(0H) 3 is the likely species controlling iron activity.
In the Bg soil (Fig. 4e), although a considerable amount of iron 
was invariably precipitated by sulfide under highly reduced condition, 
increasing redox potential from -150 mV to +50 mV did not increase 
dissolved Fe. On the contrary, dissolved iron decreased from 5 800 to 
4 000 mg kg'1. Based on the redox (pe + pH) value, it might be assumed 
that solubility of iron was controlled by Fe3 0 4 between Eh +50 mV to 
+450 mV and by Fe(0H) 3 between Eh +450 mV to the highest potential. 
Oxidation of pyrite probably begin at redox potential about +50 mV.
Pyrite oxidation brought about a considerable increase of dissolved
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+ +Fe2 and H . Hydrogen ions in turn would exchange with iron on the 
exchange complexes. The rate of iron precipitation to Fe3 0 4 and other 
solid irons was probably much slower than the rate of Fe2* ions suppli­
ed into solution from pyrite oxidation plus adsorbed iron removed from 
exchange complexes. Dissolved Fe attained the a peak of 13 000 mg kg" 1 
at +450 mV. At Eh3 - 7 +450 mV, equivalent to pe + pH of 11.33, Fe(0H)3 
began to control iron activities. At this stage, the rate of Fe2+ sup­
plied into solution from pyrite oxidation was much slower than the rate 
of iron precipitation to Fe(0H)3 , thereby substantially decreasing dis­
solved Fe. Equilibrium between dissolved iron and Fe(0H) 3 was likely 
at Eh2 .3 +650 mV. By using average activity values of iron at +650 to 
+850 mV redox range, the ion activity product (PQ) (27 C°) of the 
Fe(0 H) 3 in the Bg soil was 37.3. The value was equal to that of amor­
phous Fe(0 H) 3 PQ = 37.7 as reported by Langmuir and Whittemore (1971).
When the Bg soil was re-reduced (Ox ■* Red), oxidized iron began 
to reduce at Eh +650 mV, and water-soluble Fe reached the peak of 
26 500 mg kg 1 at Eh3 eg +50 mV. At such high concentration, iron was 
yet undersaturated with respect to (the Ksp of) FeC0 3 and Fe2Si0 4 but 
was supersaturated with respect to FeS and FeS2. A decrease of iron 
right after the peak could be due to the precipitation of iron sulfide 
and/or disulfide. The beginning of sulfate reduction in this soil was 
apparently at EI13 9 + 50 mV. Precipitation of a considerable amount 
of iron oxide resulting from pyrite oxidation during the Red •* Ox cycle 
caused the curves of water-soluble Fe between the two half cycles to be 
much displaced.
The compared watersoluble iron curves of the two half cycles for 
the Rsa, Rs, Ma, and Bk soils showed that, in general the two curves of
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the respective soils were similar. But they were displaced in some 
redox ranges. The reasons of the displacement could be due to (1) 
difference in pH values (2) nonequilibrium in the Ox + Red half cycle 
using a one-week incubation interval, (3) other factors causing the 
deviations, and (4) the impossibility of duplicating the (iron) curves 
of the two half cycles for some soils, such as the preoxidized Bg soil.
Extractable Fe in all soils decreased sharply when the redox 
potential was increased (Red •* Ox), except in the Bk and Bg soils at 
redox range between the highly reduced and -50 mV or +50 mV where the 
extractable Fe increased due to oxidation of FeS. The curves of the 
two half cycles for the respective soils were more or less displaced.
Redox potential, except in the Bg soil, the extractable Fe in the Rsa,
Rs, Ma, and Bk soils was much more abundant than its water-soluble 
counterpart. In the Bg soil in which the effective H+ ion was high, 
water-soluble Fe was much greater than extractable Fe.
Incidentally, a judgement of the redox point, at which oxidized 
Fe or Mn oxide becomes unstable and begins to release reduced soluble 
Fe or Mn (critical reduction potential) and the potential at which the 
higher oxidized Fe or Mn oxides has inceptively regained the status of 
complete control of Fe or Mn activities (critical oxidation potential), 
should be made by considering exchangeable fraction rather than water- 
soluble fraction. The reason is that the exchangeable fraction is the 
fraction that will begin to increase earlier upon soil reduction and 
disappear later upon soil oxidation. The opposite was the case for 
some soils, such as the preoxidized Bg soil where the exchangeable 
hydrogen^exceeds the aluminum. In the present investigation, however, 
exchangeable Fe extracted by NH4OAC at pH 4.0, might include Fe from
202
Fe3£>4 , FeC0 3 , FeS, newly precipitated Fe(0H)3 , or other solid forms of 
iron. Thus, the critical redox potential for iron was deduced from 
water-soluble Fe.
In the Rs, Rsa, and pre-oxidized Bg soils, the redox potential at 
which higher iron oxyhydroxide (e.g. FeOOH) became unstable and shifted 
to other lower oxidized solid phases (e.g. Fe3 0 4 ) (Ox + Red), and the 
potential at which the higher iron oxyhydroxide regained the previous 
status of complete control activity of iron (Red + Ox) were the same 
redox point. The critical redox potentials were between Ehg.o +350 mV 
(Eh? = +230 mV) and Ehs^ +250 mV (EI17 = +150 mV) for the Rs soil, 
between Eh^o +550 mV (Eh7 = +370 mV) and Eh4 (2 + 450 mV (EI17 = +275 
mV) for the Rsa soil, and between Eh2 . 3 +650 (EI17 = +370 mV) and Eh3 .o 
+550 mV (Eh7 = +310 mV) for the Bg soil. The average values are equiv­
alent to pe + pH of 10.23, 12.57, and 12.92, respectively.
In the Bk and Ma soils, the critical reduction potential (Ox *
Red) seemed to be obscured by a release of exchangeable iron to water 
soluble fraction. This was evident by decreasing extractable (exchange­
able) iron when the redox potential was decreased from +750 mV to +450 
mV. Thus, for in Ma and Bk soils the critical potential was deduced 
from oxidiation potential (Red + Ox). The critical oxidation potentials 
were between Ehs.7 +150 mV (EI17 = +75 mV) and Eh$ (3 +50 mV (Eh? = +10
mV) for the Bk soil and between Etu.s +450 mV (Eh7 = +320 mV) and Ehs.3
+350 mV (Eh7 = +250 mV) for the Ma soil. The averages of these values
are equivalent to pe + pH of 7.69 and 10.13, respectively.
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3. Effect of cycling of controlled redox potential from reduced to 
oxidized to reduced on manganese
Effect of stepwise cycling of redox potential from reduced to oxi­
dized to reduced on changes in water-soluble and extractable Mn is 
illustrated in Fig. 5a-e. Under highly reducing conditions during the 
preincubation period, Mn in all of the five soils probably had precipi­
tated as sulfide. Thermodynamically, the possibility of reduced Mn to 
form MnC0 3 was only in the Bk soil (at PCO2 £ MPa). When the
reduced soils were oxidized (Red ■+ Ox), MnS would shift the solid phase 
of controlling solution Mn to Mn(IIX) oxyhydroxide, such as MnOOH, 
resulting in a release of some of the Mn2* ions. Continuing oxidation 
would cause a shift in the solid phase from Mn(III) oxides to Mn(IV) 
oxide (such as Mn0 2 ). With oxidation, some of the mobile Mn could be 
expected to precipitate as MnOOH and later as Mn0 2 and some would.prob­
ably coprecipitate with iron and be occluded by iron oxide. It was 
likely, however, that the rate of Mn precipitation was slower than the 
rate of Mn2* release in the Rsa soil (Fig. 5a), the Ma soil (Fig. 5c), 
and the Bg soil (Fig. 5e). The two rates were somewhat comparable in 
the Rs soil (Fig. 5b) and Bk soil (Fig. 5d). A suppression of Mn from 
precipitation when the soils were oxidized was due to low soil pH and 
the formation of dissolved Mn-inorganic or organic ligands complex.
The replenishment of exchangeable Mn by water-soluble Mn to maintain 
chemical equilibria apparently occured in some high Mn-containing soils, 
such as the Ma and Bg soils.
In the Red •* Ox half cycle, water-soluble Mn in the Rs and Bk 
















-jjD  ̂+1?0  ̂+3?0 +5p0 +7^0
600
-150 +50 +250 +450 +650 +850
Eh <aV)(  (b) Re
(a) ~  S?"9S Mn (ug k*“1> 5-4 *+!■
\ \  7  • * ^ s ,
9 V3.B5 'V. 5-9/  5«fe__\4.6,









5^0 4*.9  4 . 7̂ - 6
v*,Red*-Ox
u -1?0 .
-too hsG +i?o +3:Jo 1 +5^0 +700 -
T~"*~ i i n. «!o «)»\,u .«n
60-
1— i— * ]— 1— r -1— r -1— r 0
250 -50 +150 +350 +530 +700 -270
<d) Bk
A'
-f~ J T * •—Jj-t, Red-—Ox
' iL ^ m.2 ' „ . 5 J  I _ 5.3 _ -feyj 
^*6.9 tfi s*4 • 4 3  5JJT®±J— ,— i—   * » , r
+150 +350 +550 +75i>
Eh (aV)
Fig. 5. Effects of stepvlae cycling of controlled redox potential froa reduced to oxidized conditions and vice versa on vater- 
aolublc and extractable Hi In stirred suspensions of the five soils. The nunber at a symbol point denotes the pH of soil 
suspension at a respective Eh.
204
205
soluble Mn increased slightly during the entire course of oxidation.
In the Bg soil water-soluble Mn increased rapidly and substantially 
from 140 mg kg" 1 at the highly reduced to 274 mg kg" 1 under the most 
oxidized conditions. Upon oxidation of the Bg and Rsa soils, the ef­
fect of redox potential that tended to precipitate water-soluble Mn 
appeared to exceed the effect of pH that tended to dissolve (or prevent 
precipitation of) water-soluble Mn when the soil pH was above 5.5. At 
pH below 5.5, higher redox potential seemed to exert less effect on 
precipitation of Mn. However, the evidence tended to indicate that 
precipitation of Mn oxide caused by oxidation was still occuring but at 
a slower rate than the rate of dissolution caused by low soil pH, re­
leasing or preventing Mn precipitation. An increase of water-soluble 
and extractable Mn upon re-reduction (Ox -*• Red) of the soils at the ex­
pense of Mn oxides precipitated during the first half cycling could 
probably explain this.
Upon soil oxidation, extractable Mn in all soils increased during 
the entire course of the redox cycle. The exception was for the Bg 
soil. Extractable Mn in the Bg soil increased until attaining a peak at 
Ehg'O +250 mV and decreased afterwards. It could be inferred that 
large amount of extractable Mn were transformed to water-soluble Mn.
In the Ox * Red half cycle, water soluble Mn in the Bg and Rs 
soils remained constant. Extractable Mn in the Bg soil, on the other 
hand, increased throughout the entire redox cycle. Water-soluble and 
extractable Mn in the Rsa, Ma, and Bk soils as well as extractable Mn 
in the Rs soil, increased until reaching the peaks at particular redox 
potentials and then declined. The relatively higher levels of water- 
soluble and extractable Mn were probably due to the reduction of the
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newly precipitated Mn oxides formed during the Red -*■ Ox half cycle and 
probably also due to dissolution of coprecipitated or occluded Mn 
caused by reduction of iron oxides. The decreases in water-soluble and 
extractable Mn after the peak had been reached requires some other 
explanation rather than the precipitation of Mn by sulfide because the 
redox potential was still too high to account for sulfide formation.
Mn copreciptation or association with precipitated A1 oxide and reduced 
solid iron may have occurred.
4. Effect of cycling of controlled redox potential from reduced to 
oxidized to reduced on aluminum
Aluminum is a non-redox element. Quantitative changes of aluminum 
due to oxidation or reduction of a soil are affected by changing pH 
caused by redox reactions. When a reduced soil undergoes oxidation, 
aluminum oxide will buffer a decrease in pH caused mainly by oxidation 
and hydrolysis of some redox constituents and CO2 . By this mechanism 
A1 ions are released into solution. On the contrary, when an oxidized 
soil undergoes reduction, A1 ions will hydrolyze to buffer an increase 
of pH caused by reduction of redox substances resulting in precipita­
tion as A1 oxide. Fig. 6 shows effect of cycling of controlled redox 
potential from reduced to oxidized to reduced conditions on quantita­
tive changes of water-soluble and NH4OAC extractable A1 in the five 
soils. (Extractable A1 curves of Rs, Ma and Bk soils are not presented 
here).
When the highly reduced soils were oxidized, water-soluble and 
extractable A1 in all soils continued to increase throughout the oxi­
dizing half cycle. Except for the Bk soil in which water-soluble A1
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Fig. 6. Effects of stepwise cycling of controlled redox potential from reduced to oxidized conditions and vice versa on water- 
soluble and extractable A1 in stirred suspensions of the five soils. The number at a symbol point denotes the pH of 
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tended to decrease first before beginning to increase. Water-soluble 
A1 in the Rs soil increased very slightly. It could be assumed that 
throughout the oxidizing half cycle the insoluble aluminum compounds 
had ionized greater than the mobile A1 being observed from the analysis. 
Some of the mobile A1 might be transformed to an unavailable form. The 
unavailable A1 in which case might be exchangeable A1 that was occluded 
by the precipitation of iron oxidies on colloid surfaces.
Upon re-reduction of the soils, water-soluble and extractable A1 
in all soils increased until the redox potential had reached a certain 
point and decreased thereafter. Only in the Rsa soil did water-soluble 
A1 increase slightly upon soil re-reduction. The increase might be due 
to a decrease in pH caused by accelerated decomposition of soil organic 
matter when the redox potential was decreased from +750 mV to +550 mV.
The considerable increases of water-soluble and extractable A1 in the 
other soils, as well as the extractable A1 in the Rsa soil, prior to 
decreasing, may be due to a release to solution of occluded aluminum 
ions. Water-soluble A1 in the Ha soil increased substantially and did 
not show a tendency to decrease as did in the other soils.
Many workers have attributed variation in analysis of A1 to its 
high degree of hydrolysis. In the present experiment, preventing 
redox potential from dropping below a set value by bubbling .air (O2 ) 
could possibly be a cause of variation in Al. In the Bg soil a subs­
tantial increase of Al was influenced by the indirect effect of pyrite 
oxidation. In the oxidized condition Al3* and H+ were competing for 
the exchange sites; but the effective H+ seemed to exceed the effec­
tive Al3+ in this soil.
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5. Effect of cycling of controlled redox potential from reduced 
to oxidized to reduced on silica
Changes in water-soluble and acetate extractable Si upon oxidation 
and re-reduction of the five soils are depicted in Fig. 7. It was prob­
ably that the change patterns of water-soluble and extractable Si in 
both half cycles for each of the soils closely resembled that of soil 
Mn and Al. This evidence indicates that some of Si might be involved 
with or affected by precipitation of Al during the preincubation period 
and during the Ox •* Red cycling. It was probable that some of Si was 
occluded by iron oxides during the Red Ox cycle.
Usually silica is more available under reducing conditions. The 
increases in available silica in all of the soils when the soils were 
oxidized could be due partly to a decrease of pH. Dissolution of Si 
compounds with time could possibly be one of the reasons for increasing 
available Si upon prolonging incubation. Another possibility might be 
a release of Si associated with Al compound when the latter hydrolyzed. 
Like Mn, the effect of redox potential on precipitation of Si when the 
soils underwent oxidation seemed to be obscured by the effect of pH.
The effect of redox potential on quantitative changes of water-soluble 
and adsorbed Si was apparently evident during the Ox ■» Red half cycling. 
When the soils were re-reduced water-soluble and adsorbed Si in all 
soils were increased before starting to decrease at some redox poten­
tials. Under reducing conditions, Si may be precipitated as Fe(II) 
and Mn(II) silicates. As mentioned earlier, Fe(II) or Mn(II) silicate, 
thermodynamically, could not precipitate under these conditions of all 
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Fig. 7. Effects of stepwise cycling of controlled redox potential from reduced to oxidized conditions and vice versa on vater-soluble and 
adsorbed SI In stirred suspensions of the five soils. The number at a symbol point denotes the pH of soil suspension at a 
respective Eh.
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Available silica in soil is mostly present in the form of H4Si04
and silicate anions. So, unlike cations such as Fe, Mn, and Al, Si 
existed more in water-soluble fraction than in exchangeable fraction 
(except in the Bg soil).
6 . Effect of cycling of control redox potential from reduced to 
oxidized to reduced on phosphorus
Figure 8 shows quantitative changes in water-soluble and acetate 
extractable P in the pre-oxidized Bg soil as affected by oxidiation 
and re-reduction. The results obtained on P for the other four soils 
are depicted in the appendix Table 6A-D. According to Patrick and 
Mahapatra (1968), P is more available in flooded soils than aerated 
soils because iron and aluminum phosphate dissolve more at high pH and 
ferric phosphate and reductant-soluble phosphate undergo reduction and 
release more P at low redox potential. According to Gotoh and Patrick 
(1973) FeP0 4 *2H2 0 (stengite) releases more P at low redox potential and 
at low pH. The latter remark corresponds to the theoretical expression 
in the reaction and equation:
At a given redox (pe + pH), decreasing pH by one unit will increase
FeP0 4 *2H2 0  + 2H+ + e- = Fe2+ + H2PO4 + 2H20 [12]
for which
104'64t  = (?«*) PMOl)
and
log (Fe2+) (H2PCU) = -2.64 - (pe + pH) - pH
Decreasing redox (pe + pH) and pH will increase both Fe2* and
[13]
H2P0l (there is a positive correlation between iron and phosphorus).












Fig. 8 . Effects of stepwise cycling 
of redox potential from reduced to 
oxidized conditions and vice versa 
on water-soluble and extractable P 
in stirred suspension of the Bg soil. 
The number at a symbol point denotes 
the pH of soil suspension at a 
respective Eh.
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activities of Fe2* and H2POI by ten fold. AIPO4 as well as Ca3 (P0 4 )2 
will also dissolve more in low pH than high pH.
Results in Fig. 8 show that both water-soluble and adsorbed P de­
creased when the Bg soil was oxidized and increased when the soil was 
re-reduced. Under highly reduced conditions, even though the suspen­
sion pH had a 1-3 unit discrepancy between the two half cycles, the 
amounts of adsorbed P were comparable, whereas a 40 mg kg 1 discrepancy 
was found in the case of water-soluble P. Therefore, pH exerted a 
greater effect on water-soluble P than on adsorbed P. Soil oxidation 
caused a remarkable decrease in adsorbed P and a slight decrease in 
dissolved P. The slight decrease in dissolved P was probably caused 
by the inverse competitive effects between redox potential and pH.
While an increase of redox potential tends to oxidize and precipitate 
Fe(Il) ions to insoluble ferric phosphate and stabilize the indigeneous 
ferric phosphate, a decrease of pH (due to soil oxidation) tends to 
dissolve ferric phosphate as well as aluminum phosphate, calcium phos- 
phate, and ferrous phosphate and to retard the oxidation of Fe2 . The 
rate of precipitation was apparently much greater than the rate of dis­
solution, resulting in more phosphate being fixed in oxidized soils.
Iron was considered to be the most effective ion involved in P chemis­
try in soils than any other species. In the Bg soil the critical po­
tential where iron was oxidized or reduced (+650 mV) seemed to be coin­
cident with the redox potential at which P began to increase and to 
completely precipitate (based on water-soluble P).
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7. Effect of cycling of controlled redox potential 
from reduced to oxidized to reduced on zinc
Zinc is more available at high rather than at low soil redox po­
tentials. There may be of some anions, such as Fe2 0 |”, SiO|~, SiO§”, 
P0$'* COr, S2', and OH” as well as the incompletely oxidized organic 
residues, to precipitate Zn under reducing conditions. These anions 
have been accounted for precipitation of Zn in flooded soils (Lindsay, 
1979). Some workers note that lower Zn availability in flooded soil is 
caused by the formation of insoluble Zn-organic complexes. In the pre­
sent study, during the preincubation period, Zn was probably precipi­
tated by sulfide, silicate, and phosphate. Thermodynamically, ZnCC>3 
and Zn(0H)2 will not form under these conditions. Fig. 9 illustrates 
quantitative changes in water-soluble and extractable Zn in the Bg 
soils as affected by stepwise oxidation (Red Ox) and re-reduction 
(Ox ■* Red). The data on Zn for the other four soils are depicted in 
the Appendix Table 6A-D.
Water-soluble and extractable Zn in the Bg soil increased when the 
reduced Bg soil was oxidized and decreased when the oxidized Bg soil 
was re-reduced. Because of relatively high solubility (mostly forming 
with organic ligands) and low replaceability (on exchange sites), 
amount of water-soluble Zn exceeded that of extractable Zn when Zn was 
released under oxidized conditions. The maximum concentrations of 
water-soluble and extractable Zn in the Bg soil were 46 and 36 mg kg *. 
If major portions of the NH4OAC extractable Zn are exchangable Zn, rice 
grown under reducing conditions in this soil should have a sufficient 
supply of available Zn. In contrast, rice may suffer from Zn diffi-
Zn (mg kg-1)
Fig. 9. Effects of stepwise cycling of redox 
potential from reduced to oxidized conditions 
and vice versa on water-soluble and extractable 
Zn in stirred suspension of the Bg soil. The 
number at a symbol point denotes the pH of 
soil suspension at a respective Eh.
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ciency if extractable Zn is mostly extracted from precipitated Zn.
In the Red + Ox half cycle at redox potentials between -50 mV to 
+50 mV, Zn in the Bg soil probably precipitated with sulfide. Both Eh 
and pH were apparent in affecting availibility of Zn, although pH seem­
ed to have more influence than Eh.
8 . Effect of cycling of controlled redox potential from 
reduced to oxidized to reduced on copper
Effects of cycling of redox potentials from Red -*• Ox and Ox ■* Red 
on water-soluble Cu in the Bg soil is illustrated in Fig. 10. Like Al 
and Zn, Cu increased during the Red ■* Ox cycle and decreased during the 
Ox ■* Red cycle. Among the three elements, Cu began to increase latest.
Cu commenced to increase at about EI1 3.? +450 mV whereas Zn and Al 
started to increase at Ehg.g +50 mV and Ehs.o +250 mV, respectively.
On the contrary during the Ox Red cycle Cu began to decrease first,
Al second, and Zn last. Cu began to decrease shortly after O2 after 
was cut off. The species to which Cu precipitates seems to be unclear 
at present. Further investigation will be necessary. However, accord­
ing to Lindsay (1979), the compound to which Cu may easily precipitate 
can be aCuFe2 0 4 (cupric ferrite) and the species he terms the so-called 
Soil-Cu.
pH seemed to have a greater effect on solubility and stability of 
Cu than Eh. This evidence was confirmed in Chapter 7. The data for 
water-soluble and extractable Cu as well as those of some other ele­
ments obtained from the Red -*• Ox and the Ox * Red half cycles are de­










Fig. 10. Effects of stepwise cycling of redox 
potential from reduced to oxidized conditions 
and vice versa on water-soluble and extractable 
Cu in stirred suspension of the Bg soil. The 
number at a symbol point denotes the pH of 
soil suspension at a respective Eh.
CHAPTER 7
Ion Chemistry of Acid Sulfate Soils Under 
Controlled Redox Potential and pH
Objective
This experiment was designed to quantify the effects of redox 
potential, pH, and their interacation on quantitative behaviors of 
water-soluble and extractable fractions of metal ions in acid sulfate 
soils, with special attentions for Fe, Mn, Al, Si, P, Zn, Cu, and Mo. 
In addition, ferric and ferrous ions in each of Eh-pH regimes was 
also investigated.
Materials and Method
The experiment was conducted in stirred suspensions of four acid 
sulfate soils as described in Chapter 4. The factorial combinations 
of Eh and pH were selected. In each flask (3-necked flask) the redox 
potential was maintained constant throughout (so-called mainplot) 
whereas pH was shifted stepwise (so-called subplot) after each of the 
combinations had attained metaequilibrium and the suspension aliquot 
had been withdrawn.
For the Rsa soil, the factorial combinations (5x7) were Eh's 
-100 mV, +100 mV, +250 mV, +400 mV, +600 mV and pH from 3.5 to 6.5, 
using 0.5-unit pH increment. For the Rs and Ma soils, the factorial 
combinations (5x8) were Eh's -50 mV, +100 mV, +250 mV, +400 mV, +550 
mV and pH 3.5 to 7.0, using 0.5-unit increment. For the preoxidized 
Bg soil, the factorial combinations (2x9) were Eh's +100 mV and +400 
mV and pH from 2.0 to 6.0, using 0.5-unit increment. The experiment 
on the Rsa soil was replicated 2 times. Due to time and equipment 




Two hundred grams of dry soil, containing 0.5% added ground rice 
straw and 1 800-ml deionized water, were preincubated under anaerobic 
conditions for 2 months before being subjected to Eh/pH controls.
The preincubated soil suspension was stirred and kept anaerobical for 
another month before redox potential was controlled and maintained at 
a selected value.
After the soil suspension had been controlled at the desired 
redox level for 2 weeks, pH was adjusted manually by injecting either 
2M HC1 or 211 NaOH through the serum cap. Each of the Eh/pH combina­
tions had been incubated for 2 weeks before the aliquot was withdrawn 
for extraction and before pH was adjusted to the next level. At a 
given redox potential, if the initial (unadjusted) pH was near the 
lower selected pH value, acid would be added first and if the initial 
(unadjusted) pH was near the higher pH value, the base would be added 
first. During the first 1 or 2 days, pH was adjusted by adding a 
series of small aliquots of acid or base in order to avoid any adverse 
affect on soil microorganisms. Later pH was adjusted twice daily.
The number of days required to maintain a stable pH depended on the 
buffering capacity of a soil and the specific pH range. The diffi­
cult Eh/pH combinations, for example, Eh^ mV, were supplied
with additional source of energy by injecting peptone solution as 
needed.
The method of controlling Eh in this study is described in 
Chapter 6 . Procedures to extract water-soluble and NH4OAC (1M, pH 
4.0) fractions and analysis of extracts were the same as those des­
cribed in Chapter 5. Immediately after extraction, a portion of the
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filtrate from both water-soluble and extractable was used for deter­
mining Fe(II) and Fe(IXl) ions using the ort a' dipyridyl-hydroxylamine 
hydrochloride procedure developed by Kumada and Asimi (1958).
Results and Discussion
1. Effects of redox potential, pH, and their interaction 
on water-soluble and extractable iron 
Effects of redox potential and pH on water-soluble iron in the 
four acid sulfate soils are depicted in Fig. 1-4. In all of the 
soils, water-soluble Fe was inversely related to redox potential and 
pH. The interaction of the two parameters gave more impact on 
mobilization or immobilization of iron than any single factor alone.
If Fe(0H) 3 (soil) is the oxidized species that governs iron activities 
in soil solution, the expression of Fe2* activity as a function of Eh 
and pH will be:
Fe(0H) 3 + 3H+ + e- = Fe2+ + 3H20 [1]
and
.059 logaFe2* = .928 - Eh - .177pH [2]
This indicates that a decrease of Eh and/or pH will increase the 
activity of Fe2*. The combination of the two parameters proceeding 
in the same direction exerts a greater effect on the mobilization or 
immobilization of iron. This will also be the case if FeOOH or Fe2 0 3  
or Fe30 4 or Fe3 (0H)g is the solid phases that control iron activities. 
For reduced solid phases like FeC03 or Fe2Si0 4  or Fe(0H)2, pH not 
redox potential, along with the respective anion concentrations will 
control iron solubility. The lower the pH, the higher the Fe2* 
activities. If FeS is the solid phase controlling iron activity,
pH
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the expression will be:
Fe2+ + SOf + 8H+ + 8 e- = FeS + 4H20 [3]
(troilite)
and
.007 logaFe2+ = -.272 - .007 logaSOf + Eh + .059 pH [4]
So increasing Eh and/or pH and/or decreasing S0l activity will 
increase Fe2+ activity.
In the present investigation, soil redox potential above +400 mV 
and pH greater than 3.5 appeared to have little effect on iron dis­
solution. In the Rsa soil (Fig. 1) since the Eh/pH regimes of Eh 
+100 mV and pH 3.5 and Eh -100 mV and pH 4.0 were not possible to
establish, the combination of Eh +100 mV and pH 4.0 was the regime
that had the highest dissolved Fe (3 349 mg kg 1). The critical 
redox potential for iron solubility in this soil was between
Eh0 c+600 mV and Eh, n +600 mV or between Ehc „ +400 mV and Ehc c3.5 4.0 5.0 5.5
+400 mV. Since water-soluble Fe was found to be lower in some of the 
Eh/pH treatment combinations in the main plot (Eh-100 mV) than should 
have been present, iron sulfide could be expected to form. This 
seems to point out that NH4OAC (at pH 4.0) had extracted iron from 
some parts of iron sulfide.
For the Rs soil (Fig. 2) and the Ma soil (Fig. 3), data on iron 
as well as other elements in the mainplot Eh +250 mV were not avail­
able. The Eh/pH treatment combinations of Eh -50 mV and pH below 4.5 
were not possible to establish in the Rs soil. Also the combinations
of Eh +100 mV and pH below 4.0 and of Eh -50 mV and pH below 4.5
could not be established in the Ma soil. The dissolved Fe attained 
maximum values at Eh^ -50 mV of 3 126 and 6 928 mg kg" 1 in the Rs
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and Ma soils, respectively. The critical redox potentials of iron 
solubility or stability were at Ehg  ̂+100 mV or Eh^  ̂+400 mV or 
Eh^ q +550 mV for the Rs soil and at Eh^ q +100 mV or Eh^  ̂+400 mV 
or Ehg  ̂+550 mV for the Ma soil.
In the Bg soil (Fig. 4) the Eh/pH treatment combinations of Eh
+100 mV and pH below 3.0 as well as of Eh +400 mV at pH above 6.5
could not be established. The maximum value of water-soluble iron 
(21 580 mg kg *) was found at Eh^ q +100 mV. The critical potential 
for iron solubility or stability was Ehg q +400 mV.
Effects of redox and pH regimes on NH4OAc extractable Fe are 
depicted in Fig. 5-8. The patterns of increasing or decreasing
extractable Fe in the Rs soil (Fig. 6 ) and the Ma soil (Fig. 7) as
affected by Eh and/or pH were similar to that of their water-soluble 
counterparts. However, at respective redox potentials, an increase 
of pH in a series seemed to decrease extractable Fe gradually in con­
trast to the drastic decrease observed for water-soluble iron. This 
was probably due partly to the NH40AC (pH 4.0) extractable fraction 
having removed some of iron from solid phase. The possible solid 
phases of iron could be Fe(II) sulfide, Fe(II) phosphate, Fe^O*,
Fe^fOH)#, or even the newly precipitated Fe(0H)a. Insoluble iron- 
organic matter complexes could also be expected to be included in the 
NH4OAC extract. Thermodynamically, Fe(II) silicate and hydroxide 
would probably not form in the Rs and Ma soils as well as in the Rsa 
and Bg soils under these conditions. Fe2+ from FeCO^, which could 
possible have formed in all of the soils during the preincubation 
period, might also be included in extractable fraction. Conse­
quently, the extractable Fe should be invariably higher than
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exchangeable Fe. In the Rs and Ma soils, extractable Fe exceeded the
respective water-soluble Fe by about onefold under reduced conditions
to greater than tenfold under oxidized conditions. Contrasting
results were observed in the two soils at Eh« c +400 mV and Eh, c -503.5 4.5
mV.
In the Rsa soil (Fig. 5) at Eh +250 mV, increasing pH from 3.5 
to 4.5 did not appear to cause decreases in extractable Fe. The same 
occurred at Eh +100 mV and pH between 4.0 and 6.5 and at Eh -100 mV 
with pH also between 4.5 and 6.5. In Bg soil (Fig. 8 ), at constant 
Eh of +400 mV when increased pH from 2 to 4.5 and at constant Eh of 
+100 mV when increased pH from 3.0 to 6.0, extractable Fe did not 
decrease. It may be assumed that some of water-soluble and exchange­
able Fe that had precipitated in greater amounts at higher pH was 
recovered by NH40AC (pH 4.0). Regardless of redox potential, water- 
soluble and exchangeable Fe have been noted to decrease at higher pH 
and reducible Fe increases (Gambrell et al., 1975). It is likely 
that the NH40AC (pH 4.0) extract included some reducible iron such as 
newly precipitate FefOH)^, oxidizeable iron such as Fe3 (P0 4 )i;, FeCOa,
FeS, and oxidoreducible iron such as Fe^04 and Fe^tOH)^.
2. Effect on redox potential, pH, and their 
interaction on ferric and ferrous ions 
Figures 9 and 10 show the effects of Eh, pH, and their interac­
tions on the percent of dissolved ferric to dissolved total iron in 
the Rsa and Bg soils, respectively. Dissolved ferric iron had a 
negative relationship with Eh and pH. That is, increasing Eh and/or 
pH decreased dissolved ferric iron as well as dissolved ferrous iron.
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However, when the ratio of dissolved ferric to dissolved total iron 
was established and converted into percentage, the ratio or percent 
came out positively related to Eh or pH. That is, increasing Eh 
and/or pH would increase the ratio or percentage ratio of dissolved 
ferric to dissolved total iron and vice versa. The opposite was 
found for the ratio or percentage of dissolved ferrous to dissolved 
total iron.
Dissolved ferric iron was predominant at high Eh and high pH 
where the concentration of total dissolved iron was somewhat low to 
extremely low or where the conditions favored the oxidation of Fe1** 
to FeB+ or where the rate of precipitation to ferric oxide was slower
than the dissolution rate of ferric oxide. At very low Eh and very
low pH where oxidation takes place very slowly, the ratio of dissolved 
ferric to ferrous irons seemed to be more or less constant.
For the Rsa soil (Fig. 9) the percent of dissolved ferric to 
dissolved total iron dramatically increased under the regimes of Eh 
+100 mV at pH 5.5 and above, Eh +250 mV at pH 5.0 and above, Eh +400 
mV at pH 4.5 and above, and Eh +600 mV at somewhere below pH 3.5 and 
above. The percent obtained in the Bg soil (Fig. 10) was distinc­
tively increased under the regimes of Eh +100 mV at pH 6.5 and above 
and Eh +400 mV at pH 5.0 and above.
Figs. 11 and 12 show the effects of Eh, pH and their interaction
on percent of extractable ferric to extractable total iron in Rsa and
Bg soils, respectively. Unlike its water-soluble counterpart, extract- 
able ferric iron did not decrease with increasing Eh and pH. Presum­
ably, the actual exchangeable ferric ions would decrease similar to 
its water-soluble counterparts. However, the percent of extractable
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F ig . 11. E f fe c ts  o f  redox  p o t e n t i a l ,  pH, and t h e i r  i n t e r a c t io n  
on p e rc e n t o£ e x t r a c ta b le  f e r r i c  to  t o t a l  e x t r a c ta b le  
i r o n  in  th e  Rsa s o i l .  The amounts o f e x t r a c ta b le  
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F ig . 12. E f f e c ts  o f  redox  p o t e n t i a l ,  pH, and t h e i r  in t e r a c t io n  
on p e rc e n t  o f  e x t r a c ta b le  f e r r i c  to  t o t a l  e x t r a c ta b le  
i r o n  in  th e  Bg s o i l .  The amounts o f  e x t r a c ta b le  f e r r i c  
(mg k g "1) a re  d eno ted  a t  th e  c o rn e rs .
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ferric to extractable total iron complied with those of the water- 
soluble fraction. That is, increasing redox potential and/or pH 
would increase the percentage.
Soil redox potential, pH, and percent of water-soluble ferric to 
water-soluble total iron were statistically related to each other.
The assumption is that it is possible to utilize two parameters to 
predict the missing parameter. For instance, if Eh and pH monitored 
are +250 mV and 4.5, the percent ratio of dissolved ferric to dis­
solved total iron predicted would be about 8%. On the other hand, if 
pH is 5.0 and the ratio is 39%, the predicted Eh would be about +400 
mV. Another possible benefit is the individual ferric and ferrous 
ions which the concentrations have been totally determined by atomic 
emission or atomic adsorption spectrophotometer can be estimated if 
Eh and pH are known. However, the experimental data may apply only 
to soil of a comparable condition. Further investigations to confirm 
this assumption are necessary. In the present experiment, informa­
tion at pH above 6.5 and Eh below -100 mV is lacking.
3. Effects of redox potential, pH, and their interaction
on water-soluble and extractable manganese 
Water-soluble Mn in the Rsa (Fig. 13), Rs (Fig. 14), Ma (Fig. 15),
and Bg soils (Fig. 16) were negatively related to soil pH. Water-
soluble Mn was inversely related to redox potential only in the Rs 
soil. In the Rs soil the combination of Eh +100 mV and pH 3.5 
resulted in the highest water-soluble Mn (29.5 mg kg 1).
For the Rsa soil the relationship between water-soluble Mn and 
redox potential was not statistically significant. This was because
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between +250 and +600 mV, the redox potential seemed to have no 
influence on the discrepancies of the water-soluble Mn with respec­
tive pH treatments. Soil pH alone was apparently responsible for 
water-soluble Mn in this redox range. In addition, water-soluble Mn 
at respective pH was lower at Eh -100 mV than at Eh +100 mV; Mn 
probably could have formed MnS at Eh -100 mV. This could account for 
the lack of correlation between Eh and water-soluble Mn in the Rsa 
soil. Nevertheless, redox potential in fact had some influence on 
water-soluble Mn, especially at Eh of +100 mV and -100 mV. Soil 
redox potential +250 mV and pH 3.5 gave the highest water-soluble Mn 
of 32 mg kg ^
Regardless of Eh/pH regime, the Ma soil contained as high water- 
soluble Mn as comparable to that in the Bg soil and about a tenfold 
greater amount than those in the Rsa and Rs soils. Because water- 
soluble Mn was relatively low at Eh +100 mV and -50 mV in the pH 
range between 5.5 and 7.0, the regression analysis failed to show the 
effect of redox potential on water-soluble Mn. However, the evidence 
tended to indicate that redox potential had a negative effect on Mn 
mobility in this soil. The Eh-pH regime of Eh -50 mV and pH 4.5 
resulted in the highest water-soluble Mn (355 mg kg *).
For the Bg soil, which comprised of two redox levels, the regres 
sion analysis due to the effect of Eh on water-soluble Mn was not sig 
nificant, even though under each of the same pH values, the lower Eh 
had higher dissolved Mn. The combination of Eh +100 mV and pH 3.0 re 
suited in the highest water-soluble Mn 267 (mg kg 1).
The interaction of redox potential and pH on dissolved Mn was 
significant in all soils. Dissolved Mn was affected more by pH than
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by redox potential. Multiple regression analysis indicated a nega­
tive effect from both pH and Eh on water-soluble Mn. These results 
correspond with the theoretical expression that manganese oxide 
governs mobility of Mn. Assuming that p-Mn0 2 (pyrolusite) is the 
solid phase that controls Mn2+ activity in the soils, Mn activity is 
expressed in terms of Eh and pH according to:
p-Mn(>2 (pyrolusite) + 4H+ + 2e- = Mn2+ + 2H20 [5]
and
.03 logaMn2+ = 1.22 - Eh - .118 pH [6 ]
Mn2+ activity will increase when redox potential and/or pH decrease 
and vice versa. The combination of the two parameters proceeding in 
the same direction caused a greater impact on Mn activity. It will 
be the same if a Mn(III) oxide, such as MnOOH, is the solid phase 
that controls Mn activity.
Thermodynamically, MnC03, Mn2Si0 4 , and Mn(0H) 2 would not precip­
itate in all of the soils under every of the redox-pH regimes estab­
lished. M11HPO4 would likely precipitate in all the soils whereas MnS 
might precipitate only in the Rsa soil at -100 mV and low pH. If MnS 
is the solid phase that governs Mn2* activity, the expression can be 
written as:
Mn2+ + S0|"+ 8H+ + 8e- = MnS + 4H20 [7]
(green)
and
.007 logaMn2* = -.239 - .007 logaS0£“+ Eh + .509 pH [8 ]
Increasing Eh and/or pH and/or decreasing S0£ activity will increase 
Mn activity.
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Figures 17-20 depict conceutrations of extractable manganese 
under different Eh-pH regimes in the Rsa, Rs, Ma, and Bg soils, 
respectively. Of all the soils studied, redox potential had no 
influence on extractable Mn. Extractable Mn in all soils was sig­
nificantly affected by pH. In contrast to water-soluble Mn, there 
was a positive effect of pH on extractable Mn. This could probably 
be attributed to the NH40AC (pH 4.0) extract having included some 
exchangeable Mn with portions of precipitated Mn(III) such as MnOOH 
and Mn̂ O-j or the newly precipitated Mn(IV) such as MnOj; or Mn-organic 
complex. The effect of pH on extractable Mn was not apparent between 
pH 5.0 to 7.0 in the Rs soil, and between pH 6.5 and 7.0 in the Ma 
soil. For the Bg soil the effect of pH was apparent at all pH levels 
studied. Multiple regression analysis revealed that extractable Mn 
was also affected by the interaction of pH and redox potential. A 
comparison between the amount of water-soluble and extractable Mn in 
the Rsa, Rs, and Ma soils shows that both fractions were equal at pH 
3.5, but the extractable fraction was up to tenfold greater than its 
counterpart at the highest pH. In the Bg soil water-soluble Mn was 
approximately fourfold greater and fourfold less than the extractable 
Mn at pH 2.0 and 6.5, respectively.
4. Effect of pH and redox potential on
water-soluble and exchangeable aluminum 
Theoretically, aluminum solubility or stability is dependent on 
pH, not Eh. If gibbsite (y-AlfOH)^) is the solid phase that controls 
A1 mobility, the expression for the reaction and equation will be:
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A1(0H) 3 + 3H+ = Als+ + 3HZ0 [9]
and
logaAl3+ = 8.04 - pH [10]
Accordingly, decreasing pH results in increasing activity of Al3+.
Another possibility of increasing Al3+ activity at lower pH is a 
shift of solid phase from a less soluble to more soluble species.
For instance, if amorphous A1(0H) 3 is the solid phase controlling A1 
activities instead of gibbsite, at a given pH, Al3+ will be released 
according to the equation:
log Al3+ = 9.66 - pH [11]
Redox potential is likely to only indirectly influential in 
aluminum availability. In the experiment for which redox potential 
is controlled but pH is permitted to drift naturally such as in 
Chapter 6 , an inrease of redox potential will increase water-soluble 
and exchangeable Alt. Under these conditions the mobile A1 has 
increased because pH has decreased resulting from increasing redox 
potential. It should be noted that redox potential is merely an 
indirect impact. However, if increasing redox potential at a fixed 
pH results in increasing A1 availability, some other explanations is 
required. In the present investigation, for each pH, increasing 
redox potential resulted in higher exchangeable A1 in the Rsa soil
(Fig. 21) as well as in the Rs soil (Appx. Fig. 7A), the Ma soil
(Appx. Fig. 7B), and the Bg soil (Appx. Fig. 7C). In the Rsa soil
the combination of Eh-pH at Eh^  ̂+600 mV resulted in the highest
t Arbitrarily call exchangeable instead of extractable because 
NH4OAC at pH 4.0 seemed to be able to extract A1 a little lower 
than 1 M KC1, and for convenient purposes in discussion.
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exchangeable A1 (2 057 mg kg *). Let's compare the results (ex­
changeable Al) obtained from two different Eh regimes at a specific 
pH, say Eh +100 mV and +400 mV at pH 4.0. In both regimes the con­
centrations of active H+ ions should be equivalent. But dissolved 
Fe;i+ and Fez+ on the exchange complexes (let's neglect Mn) were 
greater at the lower potential than the higher one. On the other 
hand, potential H+ ions, such as on exchange sites and nonexchange­
able H+ were less at +100 mV than +400 mV. Consequently, the amount 
of aluminum oxide required to buffer H+ ions was less at the lower 
potential than at the higher potential, resulting in less releasing 
Ali+ in the former condition. Since the exchange sites of the re­
duced soil were dominantly occupied by reduced ions, according to the 
Law of Mass Action, less aluminum would probably be held on the 
exchange complexes and more stay in the solution. So it should not 
be surprising if for a given pH the solution Al is found in greater 
amounts at a lower potential than at a higher potential. This could 
be a cause, other than hydrolysis, of the nonuniformity of Al deter­
mination in soils. At high redox potential soluble Fe2+ and Fe*+ on 
the exchange site were unstable and subjected to oxidation and 
hydrolysis, releasing more H+ ions. Aluminum oxide would react with
+ j +more H ions; as a result more Ald ions were released. At the same 
time, the exchange complexes now had more room for Al"1* to occupy, 
thereby increasing exchangeable Al. Water-soluble Al ions, in 
equilibrium with exchangeable Al, would also increase at highly 
oxidized condition.
Under a given pH, the concentration of solution Al would probably 
be highest under highly oxidizing conditions, intermediate at a
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highly reducing condition and lowest at a moderately reducing condi­
tion. This idea is apparent in the Bg soil (Fig. 22) in which dis­
solved Al was higher at Eh +100 mV than at Eh +400 mV for every 
respective pH. Regression analysis revealed a negative dependence of 
water-soluble Al on redox potential in this Eh range. Unfortunately, 
the information at potential higher than +400 mV was unavailable to 
verify this point. It may speculate that under a given pH water- 
soluble Al would be discernable more at Eh +600 mV than at Eh +100 
mV.
NH4OAC (pH 4.0) extract seemed to be a sufficiently good index 
in distinguishing exchangeable Al established under different redox-pH 
regimes in all of the four soils. Water-soluble Al in the Rsa soil 
(Fig. 23), the Rs soil (Appx. Table 7B), and the Ha soil (Appx.
Table 7C), on the other hand, had high variation. Many workers have 
attributed this variation to a high degree of hydrolysis of aluminum 
species. However, water-soluble Al obtained in the Bg soil appeared 
to be uniform. This could be due to adequate contents of active Al 
in this soil that subjected to low variation in Al determination.
5. Effects of pH and redox potential on silica
If quartz or amorphous silica or soil Si02 (Lindsay, 1979) is 
the solid phase governing silica activity in soil solution, the 
expression for a congruent solution will be:
Si02 (quartz) + 2HZ0 = H4Si0 4 [12]
and









Fig. 22. Effects of redox potential and pH on water-soluble 





or for Si02 (soil);
aH4Si04 = 10" 3 * 1 mol L_ 1 [14]
The activity of silicic acid does not depend on pH until the pH has 
increased to 9. At pH above 9, H4SiO$ begins to ionize and yield 
H3Si0 4 or H2SiO| . By this mechanism total dissolved Si increases at 
high pH. Theoretically, redox potential does not directly affect the 
mobility of silica. But many workers such as Mortimer (1941), 
Ponnamperuma (1965), and Rowell (1981) have found that silica in­
creases at low redox potential. On the contrary, if the solid phase 
controlling a solution is some species other than Si02, such as 
Fe2Si04 or Mn2Si04 or NaAlSi308 (albite) or etc., an example reaction 
may be written as:
Fe2Si04 (fayalite) + 4H+ •* Fe2+ + H4Si04 [15]
and
logaH4Si04 = 19.76 - logaFe2+ -4pH [16]
At a fixed Fe2+ activity, decreasing pH will bring about an increase 
in the activity of H4Si04.
Figure 24 illustrates the effect of pH and redox potential on 
concentration of water-soluble Si in the Rsa soil. Decreasing pH 
and/or Eh significantly increased water-soluble Si. The pH appeared 
to exert more effect on solution Si than redox potential. The result 
was essentially in accord with those obtained from the Rs soil (Appx. 
Fig. 7D), the Ma soil (Appx. Fig. 7E), and the Bg soil (Appx. Fig. 7F). 
Discounting Si02 which would probably not significantly establish the 
discrepancies among the dissolved Si obtained under the different 




Fig. 24. Effects of pH and redox potential 
on water-soluble silica in the Rsa 
soil.
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Unlike ferric phosphate, which has been shown to release phosphate at 
low Eh and/or low pH (Gotoh and Patrick, 1973; Williams and Patrick,
1973), ferric silicate is too soluble to form in soil. One of the
possibilities to account for a release of Si at low Eh and/or low pH 
could be a release of Si from the so-called reductant-soluble silicate 
upon reduction of occludant iron oxide. The occlusion may occur on 
clay and organic matter surfaces and other soil constituents.
The data of adsorbed Si extracted by NH4OAC in the Rsa, Rs, Ma,
and Bg soils are presented in Appx. Table 7E, F, G, and H, respec­
tively.
6 . Effects of redox potential and pH on phosphorus
Like silica, water-soluble phosphate increased with decreasing 
soil redox potential and/or pH. In contrast to silica, redox poten­
tial seemed to have greater influence on phosphorus availability than 
pH. The results obtained in the Rsa soil (Fig. 25), the Rs soil 
(Appx. Fig. 7G), the Ma soil (Appx. Fig. 7H), and the Bg soil (Appx.
Fig. 71) were all compatible. Increases in dissolved P upon de­
creasing redox potential is partly due to reduction of ferric phos­
phate, which releases FeSi+ and phosphate ions or reduction of ferric 
phosphate to more soluble ferrous phosphate. It could also be due to 
the reduction of iron oxide thereby releasing occluded aluminum 
phosphate and ferric phosphate and maybe releasing occluded phosphate 
compounds of Ca, Mg, Mn(IV), and Fe(II). Increasing dissolved P upon 
decreasing pH could be due to a greater dissolution at low pH of 
calcium phosphate, ferrous phosphate as well as ferric phosphate and 
aluminum phosphate.
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Fig. 25. Effect of redox potential and pH on water- 
soluble phosphorus in the Rsa soil.
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Data for adsorbed phosphate in the Rsa, Rs, Ma, and Bg soils are 
presented in Appx. Table 7E, 7F, 7G, and 7H, respectively. In the Bg 
soil the results of adsorbed phosphate agreed very well with its 
water-soluble counterpart. For the other three soils, adsorbed 
phosphate seemed to have the same patterns as those of their water- 
soluble counterparts even though the values were more variable.
7. Effects of redox potential and pH on molybdenum 
Molybdenum reactions in soil are very complex (Cotton and 
Wilkinson, 1972). It forms many complexes and polymerized species at 
high concentrations but in solution of <10~ 4 M the polymeric forms 
are not of great importance (Jenkins and Wain, 1963). Thermodynamic 
constants for many of the recognized chemical species of molybdenum 
have not been critically measured and only estimated values are 
available in the literature (Titley, 1963).
According to Lindsay (1979) the dominant soluble species of Mo 
in the range of soil pH are MoOl , HM0O4 and H2M0O4 . Among the three 
species, Mo0| is most predominant at pH above 4.24. As far as the 
limited research is concerned, theoretically, soluble Mo increases at 
high pH. The solid phases found in soil, such as H2Mo0 4 (c), Mo03 
(molybdite), or soil-Mo (Vlek and Lindsay, 1977) are more soluble at 
high pH according to the expression in the reactions:
H2Mo04 (c )  = MoOf + 2H+ (log K° = -1 3 .3 7 )  [17]
M0O3 + H20 = MoOf + 2H+ (log K° = -12.10) [18]
Soil-Mo = MoOf + 0.8H+ (log K° = -12.40) [19]
250
The implication of molybdenum in redox reaction in soil, as far 
as research being concerned, is documented to the formation of MoSz.
The reaction can be written as:
MoS2 (molybdenite) + 4H20 = Mo0|" + 2 S2" + 2e- + 8H+ [20]
(log K° = -96.49)
Increasing redox potential and/or pH favors oxidation of solid sulfide 
to soluble S0£ thereby releasing more dissolved Mo. Another impli­
cation of Mo in redox reaction may be the oxidation of Fe(II) in 
FeMo0 4 , which has formed during soil reduction, to form Fe3C>4 or 
Fe(0H) 3 by which releasing soluble Mo.
As far as limited research being concerned on molybdenum chemis­
try in soil, theoretically, molybdenum will be more available at high 
pH and high redox potential. Many workers have reported increased 
availability of Mo in flooded soils. However, no report seems to 
partition the two effects, pH and redox potential, acting on molyb­
denum availability.
Figure 26 shows the effects of redox potential and pH on water- 
soluble molybdenum in Bg soil. The results obtained were contra­
dictory to the discussion earlier. That is, water-soluble Mo 
dissolved more at low redox potential and/or low pH and vice versa.
Ferric molybdate is too soluble to cause reduced Mo availability in 
these soils at high redox potential and/or high pH. The precipi­
tation of iron oxide probably account for the occlusion of molybdate.
Thus, increase of Mo in these soils under low redox potential and/or 
low pH could probably be due to the reduction and dissolution of iron
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Fig. 26. Effects of redox potential and pH on water-soluble 
molybdenum in the Bg soil.
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oxide. The data of water-soluble and adsorbed Mo of the four soils 
are presented in Appx. Table 7A-H.
8 . Effects of redox potential and pH on zinc
Zinc is more available in soils at a low pH than a high pH.
This notion can be expressed in reactions by using Zn3 (P04 )2 *4H20 
(hopite) and soil-Zn (Norvell and Lindsay, 1969, 1972) as follows:
Zn3 (P04 )2 *4H20 + 4H+ = 3Zfl+ + 2H2P04 + 4H20 (log K° = 3.80) [21]
and
Soil-Zn + 2H+ = Zn2+ (log k ° = 5.80) [22]
Decreasing pH will increase soluble Zn. An exception is in the case 
of ZnS by which increasing pH as well as increasing redox potential 
will tend to increase solution Zn. Except for sulfide, Zn is not 
directly affected by redox reactions. However, the complex forms of 
zinc with Fe(II) and Mn(II) may release zinc at high redox potential 
when Fe(III), Mn(III), and Mn(IV) oxides have precipitated.
In the present study, water-soluble Zn increased when pH was 
decreased and/or redox potential was increased. The results obtained 
in Bg soil are shown in Fig. 27. The greater availability of Zn at 
higher redox potential might be due to increased oxidation of the 
insoluble organic-Zn complexes which had formed during the preincu­
bation period. Other possibilities might be the release of Zn 
associated with aluminum oxide and Fe(II) complexes when the complex 
species dissolved or was oxidized. Results on water-soluble and 





Fig. 27. Effects of pH and redox potential on water-soluble 
zinc in the Bg soil.
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9. Effect of redox potential and pH on copper 
Like zinc, Cu availability is proportional to pH. Increases in 
soil copper upon lowering pH can be expressed in the equations:
a-CuFeaO* + 8H+ = Cu'+ + 2Fe3+ + 4H20 (log K° = 10.13) [23]
(cupric ferrite) 
and .
Soil-Cu + H = Cu' (log K° = 2.80; Lindsay, 1979) [24]
Redox potential is not directly related to Cu availability except for 
copper sulfide. However, copper may be associated with Fe(II) and 
Mn(II) in reducing condition. Insoluble Cu-organic complex may form 
under reducing conditions. Copper might be associated with aluminum 
oxide. Upon oxidation of these components, copper would be released 
into solution.
In the present experiment water-soluble Cu in the Bg soil (Fig. 28) 
increased significantly with decreasing soil pH, and vice versa.
Although the effect of redox potential on soluble Cu was not signif­
icant in this soil, it was likely that the higher redox potential 
tended to bring about releasing more copper as compared to the lower 
potential. Water-soluble and extractable Cu in Rsa, Rs, Ma, and Bg 
soils as well as many other elements are presented in Appx. Table 
6A-H.
10. Empirical findings 
There are two viewpoints that were observed in this experiment 
and will be discussed hereby. (1 ) Eh-pH controlling pattern; and 
(2 ) redox potentials of bulk soil, soil suspension, and supernatant.
In studying metal ions in soil suspension under different con­









F ig . 28. E f f e c ts  o f  pH and redox  p o te n t i a l  on w a te r - s o lu b le  
copper in  th e  Bg s o i l .
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such as Gotoh and Patrick (1973), DeLaune et al. (1981), have assigned 
an Eh/pH combination treatment on an individual microcosm. Henderson 
(1981) and Patrick and Henderson (1981), on the other hand, hold the 
pH of soil suspension constant at a selected value in an individual 
microcosm (socalled mainplot) and fluctuate the redox potential of 
desired values in stepwise fashion from one to another (socalled 
subplot). On the contrary, Williams and Patrick (1973) maintain the 
redox potential of the soil suspension constant in an individual 
microcosm (socalled mainplot) and fluctuate pH to the desired values 
(socalled subplot). Collins and Buol (1970) studied iron and 
manganese equilibria in soil-free suspensions. They held redox 
potential constant and fluctuated pH. The present investigation 
favors the pattern used by Williams and Patrick (1973). Based on the 
results obtained for iron and manganese, either of the three patterns 
seems favorable and should be consistent among each other if the 
sample employed is uniform and equilibrium is attained.
At termination of the experiment the redox potentials of soil 
bulk, soil suspension, and supernatant were compared. Each of the 
incubation flasks was treated in the same manner by shutting off air 
and supplies, stopped stirring, and lowering one of the two Pt 
electrodes to bottom of the flask, and permitting the soil to settle. 
When most of the soil particles had already settled (~15-24 hours), 
one Pt electrode now resided in the soil bulk while the other was 
located in the supernatant. Redox potentials of the soil bulk and of 
the supernatant were monitored. After that the soil was stirred into 
suspension again (1-3 hours), the redox potential of the suspension 
was monitored by the coupled electrodes. The results indicated that
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the redox potential of the soil bulk was lower than the supernatant 
as much as 250 to 300 mV and 150 to 200 mV at highly and moderately 
reducing conditions, respectively. Under highly oxidizing conditions 
no difference could be observed. The redox potential of the soil 
suspension appeared to be an average between those of the soil bulk 
and the supernatant.
Ponnamperuma (1972) notes that at the early stages of reduction, 
soil Eh may be higher than solution Eh, which may point to CÔ  being 
evolved. Later when the soil is reduced, the solution Eh is far 
higher than the soil Eh. Brook et al. (1968) notes that the Eh of 
marine mud cores is about 200 mV lower than their interstitial water.
They attributed the low mud Eh to interactions between the electrode 
and mud. Sato and Yamane (1973) reported that the Eh of soil was 300 
to 400 mV lower than that of solution. Bohn (1968) and Ponnamperuma 
(1972) stated that the differences between soil Eh and solution Eh 
were due to the presence of oxidant or reducdants in the solid phase.
Rowell (1981) found that in some instances the Eh in suspension is 
found to be higher than the extracted solution (solution Eh).
In the present investigation, the observations were made by the 
termination of controlled Eh and pH in stirred soil suspension. The 
results as presented earlier comply with the former findings. Lower 
soil Eh than solution Eh in a reduced soil could be due to the more 
availability of electrons at the Pt surface. It should be assumed 
that the reducdant-to-oxidant ratio (at the Pt electrode) of the soil 
bulk is higher than that of soil solution drawn by either low pres­
sure or low-speed centrifuge or gravitational force. Normally, the 
extracted soil solution is thought to contain dissolved components in
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bulk solution confined in the soil pores. The intact soil solution 
in situ, in addition, also contains ions in solution phase of the 
double-layer clay-water interface. The solution phase is composed of 
two layers, the fixed layer (stern layer) and the diffuse layer (Guoy 
layer). In flooded soil or sediment because of high moisture content, 
the diffuse layer is relatively thick. Thus the exchangeable ions in 
this layer will be electrostatically attracted just slightly by the 
solid phase (exchange sites) of the double layer. The Pt electrode 
placed in this region will probably monitor the redox potential that 
includes some of the effects of the reducdant in the diffuse layer.
In diffuse layer the ratio of activities of Fe2+/Fe3+, Mn2+/Mn4+, or 
H2S /SOf should be greater than that in bulk solution. This may be 
because Fe3+ or Mn4+, which possesses higher charge and smaller ionic 
radius as compared to its respective reduced counterpart, preferably 
sticks to the stern layer. On the contrary, Fe2+ and Mn2+ should 
prevail at Guoy later.
Less S0| should stay at inner diffuse layer because of repul­
sive force from negatively charged clays (so retaining at outer 
diffuse layer and bulk solution) or attractive force from positively 
charged clays (so retaining at stern layer). In addition, S0| may 
be reduced in activity due to formation of ion pairs with cations.
The chargeless dissolved H2S , on the other hand, could reside more 
in diffuse layer (as well as bulk solution). In a highly reduced 
soil at low pH, the discrepancy of soil potential and solution 
potential will be greater because H+ and Al3+ will deprive relatively 
more Fe2 and Mn2 from fixed layer to reside at diffuse layer.
Chapter 8
Vertical Distributions of Redox Potential, 
pH, and Some Chemical Components 
in Flooded Acid Sulfate Soils
Objective
The experiment was designed to quantify the effects of submergence 
and organic matter on the vertical distributions of redox potential, pH, 
and available Fe, Mn, Al, and S in soil cores of four acid sulfate soils 
and a non-acid marine soil.
Materials and Method
Four acid sulfate soils, Rangsit Very Acid (Rsa), Rangsit (Rs), 
Mahaphot (Ma), and Bang Pakong (Bg) and the non-acid-sulfate marine 
Bangkok soil (Bk) as described in Chapter 4 were employed in this 
investigation. Each soil was divided into 2 treatment groups (with 
organic matter (+om) and without organic matter (-om). The om-supple- 
mented soil was established by adding 0.5% ground dry rice straw and 
thoroughly mixing on a mechanical roller. 1 2 0 g of the -om or the -torn 
air-dried soil was put into PVC cores of 4-cm inside diameter and 
16-cm length. The bottom end of the core was closed with a rubber 
stopper and sealed (plastic rubber), to prevent air and water leak.
The soil was then submerged and the floodwater was maintained at a 
level of 4 cm above the soil surface. The soil column was 8 cm deep, 
with an initial bulk density of 1.193 Mg m 3 (g/cm3). The incubated 
soil was kept in the dark, under low air ventilation, and at constant 
temperature (27 ± 1 °C). Poor ventilation could reduce evaporation
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hence lessening the possibility of disturbing soil cores during water- 
level maintenannce, thereby reducing a possible upward movement of dis­
solved constituents by mass flow. The soil columns were incubated for 
periods of 3 days, 1, 2, 4, 8 , and 16 months under atmospheric 0̂ . The 
experiment was conducted without replication.
At the end of each incubation period, the redox profiles of the
soil cores were determined by using the technique developed by Patrick
and Delaune (1972). A small Pt electrode (approximately 0.1 cm long)
was driven downward through the undisturbed flooded soil at a rate of 
# >10.2 cm h . A calomel reference electrode was used to complete the 
cell. The Pt and calomel electrodes were connected to a vacuum tube 
voltmeter and the output from the meter recorded on a Sargent MR record­
er with a chart speed of 2.54 cm h 1. With this arrangement 2.54 cm of
chart was equivalent to 0.2 cm depth. A sketch of the system is shown 
in Fig. 1. The Pt electrode was positioned ~ 0.5 cm above the surface 
of the soil at the beginning of each profile measurement. The pH pro­
file of each soil core was established by manually inserting a micro 
combination pH electrode (0.2 cm diameter). Each advance permitted the
electrode to equilibrate for 2-3 minutes.
After the pH was monitored, the overlying water was withdrawn, 
filtered, and adjusted to pH 1 or 2. The PVC core then was clamped 
and the rubber stopper at the bottom end was removed. Promptly, anoth­
er smaller sized rubber stopper mounted on a metal rod, was substituted 
to support the soil base. The bulk of the saturated soil was pushed 
upward slowly to the brim, and the emmersed portion was sliced horizon­
tally. Each soil core was sectioned into 10 segments. Between 0 to 3 
cm depth each segment was 0.5 cm thick and between 3 to 7 cm depth each
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Fig. 1. Apparatus used for measuring redox potential profiles 
in flooded soils (after Patrick and Delaune, 1972).
segment was 1 cm thick. The portion of soil at depth below 7 cm was 
discarded.
For each segment, approximately 5 g of soil taken from the center 
of each section was put in a preweighed, 50 ml polycarbonate centrifuge 
tube (wide-mouth). The weight of wet soil plus tube was recorded.
Twenty five ml deionized water was added and the tube was covered with 
an air-tighted polyethylene cap containing a serum cap in it. The tube 
was then purged with 0^-free N* gas for 10 minutes. The soil in the 
tube was dispersed and then shaken by mechanical shaker for a half hour. 
The soil suspension was centrifuged at 8 500 rpm, using Sorvell SA 600 
Rotor, for 30 minutes and the supernatant was filtered through a Whatman 
no. 42 filter membrane. Immediately, 4 drops of cone HC1 was added into 
the supernatant in filtering reservoir in order to prevent rapid oxida­
tion of some dissolved components. The acidified filtrate had pH 1 or 
lower.
Twenty five ml of 2 M NH40AC (pH 4.0) was added to the residual 
soil remaining in the tube, purged with Ni- gas, shaken for 2 hours, and 
centrifuged at 8 500 rpm for 15 minutes. The supernatant was filtered 
through a Whatman no. 42 filter and the pH of the filtrate was adjusted 
to 2 with cone HC1. Chemical components including Fe, Mn, Al, S, in 
water-soluble and NH4OAC fractions were determined by ICP.
The residual soil in the tube was washed with water to extract the 
leftover NH4OAC and centrifuged at 8 500 rpm for 15 minutes, and the 
supernatant was discarded. The weight of the moist soil was recorded. 
The soil was dried for dry weight determination. The dilution factors 
per g of soil for water-soluble and NH4OAC fractions were derived from
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Dilution factor (water-soluble) = (wet soil - dry soil + 25)
dry soil
Dilution factor (NH4OAC) = (moist soil - dry soil +25)
dry soil
Because some parts in water-soluble fraction included in NH4OAC fraction, 
the actual concentration of any chemical component was achieved by jus­
tified calculation.
Results and Discussion
1 . Redox profiles of the soils with and without added organic matter
Vertical distributions of soil redox potential (Eh profiles) of the 
five soils, with and without supplemented organic matter incubated under 
submerging condition for various periods of time (1 day to 1 6 months), 
are depicted in Fig. 2a-j. In the Rsa soil (Fig. 2a,b), the Eh dropped 
primarily in the center of core. The Eh in the Rsa-om (Fig. 2a) reach­
ed the minimum value of +100 mV at the first month at the depths below 
3 cm. After one month, the Eh appeared to increase at all depths, 
except below the 6 cm depth when the incubation time was.extended longer.
The longer the duration of incubation the greater the surface oxidized 
zone in the profile became. A brown layer (oxidized iron), was observed 
in the transparent core at depth greater than 5 cm after 8 months of 
submergence. Based on the discernable color (brown), which was devel­
oped by ferric oxide, the thickness of the oxidized layer in the flooded 
Rsa-om soil, according to Reddy et al. (1976) was greater than 5 cm.
Because of very low pH (~ 4 or lower) the biological oxidations of or- 
+ 2+ganic matter, NH4 , and Mn was limited. Thus 0* consumption was mostly
2+dominated by chemical and biological oxidations of Fe . The biologi-
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cal oxidation would be accomplished by virtue of acidophilic bacteria
Thiobacillus ferrooxidans. Rates of production and upward transloca- 
2+tion of Fe , however, were relatively slow, hence 0̂  could penetrate 
deeper in the profile (e.g. > 5 cm) upon prolonged waterlogging. The 
Eh value monitored at depths between 0.25 and 0.5 cm at 8 and 1 6 month 
was greater than the Eh values at the surface. This was probably be­
cause the Pt electrode was positioned in the ferric oxide concentrated 
layer where the H+ activity (pH ~ 3.6) and the oxidant to reductant 
ratio were comparatively high.
The Rsa soil supplemented with organic matter (Rsa+om, Fig. 2b) 
showed a rather uniform redox profile between 0.25 and 6.5 cm depths 
following 1 month submergence (~ 0 mV). After about 1 month, easily 
decomposable organic matter (to consume 0 )̂ in the upper layers was 
probably depleted, hence the Eh increased. Concurrently, the Eh was 
still decreasing at the lower depths. A Eh of -150 mV at 6.5 cm depth 
was obtained after incubated for 16 months. Observation from transpa­
rent cores showed sulfide formation in the Rsa+om soil commenced after 
about 2 months at the depth below 2.5 cm. The formation of FeS (and 
MnS) could be observed with the development of separate black spots. 
The initial formation of solid sulfide in a spotty pattern was attri­
buted to the intense reduction occurring in organic pockets. Sulfide 
was observed in the middle and lower layers of the core from 4 months 
onwards. The observation of sulfide formation corresponded with the 
redox value of -100 mV observed after about 2 months of submergence at 
depth below 2.5 cm.
In the Rs-om soil (Fig. 2c), the Eh was +250 mV at the depths 
below 1.25 cm after being incubated for 1 month. Soil Eh decreased in
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the medium and lover sections of the profile and increased in the upper 
horizon with increases in incubation time. The minimum Eh value of -150 
mV was attained in the 16th month at the lowest depth. The redox pro­
files of the Ma-om soil (Fig. 2e) in general had similar patterns to 
those of the Rs-om soil. The exception was that the Eh in the Ma-om 
decreased rapidly during 1 to 4 months and the oxidized zone was pro­
gressively deeper in the profile during the later incubation period.
The Bk-om soil (Fig. 2g) obviously had similar redox profiles to those 
of the Rs-om and Ma-om except that decreases in redox potential pro­
ceeded faster and to lower values. The most reducing condition (Eh of 
-250 mV) was attained in the lower layer after 8 months of waterlogging.
Like in the other soils, the oxidized zone extended deeper with time.
The redox potentials of the Rs+om (Fig. 2d), Ma+om (Fig. 2f), and 
Bk+om (Fig. 2h) reached maximum reduction in the upper layer after in­
cubating for 1 month. The Eh was obviouly higher in the deeper layers.
With prolonged waterlogging, the Eh apparently increased in the upper 
layer and decreased in the lower layer. However, the Eh attained mini­
mum points in the fourth month for the Rs+om and the second month for 
the Ma+om. The thickness of the oxidized zones in the 3 soils contain­
ing added organic matter progressed with time similar to the untreated 
soils. The added organic matter delayed the advancement of oxidized 
layer. No significant difference with respect to minimum potential 
between the treated and untreated soils could be observed in the case 
of the Rs or Bk soils. However, about 100 mV discrepancy was evident 
between the two treatments in the Ma soil.
The redox profiles of the Bg-om and Bg+om soils after various pe­
riods of waterlogging are depicted in Fig. 2i,j. The patterns of Eh
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profile for respective incubation times between the two treatments were 
similar. Organic matter addition (0.5% rice straw) did not seem to have 
significant effects on soil oxidation-reduction processes. This was 
probably due to the original soil containing high native organic matter 
(6.36%). After one month the Eh was lower in the center section of the 
profile while the lower section was still oxidized. After 2 months, the 
reduction zone extended to the center section of the profile, and the 
intensity of reduction increased. On the other hand, the Eh was con­
stant at lower depths and increasing in the surface horizon. A differ­
ence between the redox profile patterns of the preoxidized Bg soil and 
the other four soils as well as other normal soils, was directly or in­
directly related to pyrite oxidation. In the lower zone, where pH was 
extremely low (~ 2.5), 0^ was slowly consumed by pyrite oxidation 
through the catalytic activities of Thiobacillus bacteria. In this 
stage the O^-H* system was apparently governing the redox potential. A 
delay in 0 * depletion to the point of abrupt decrease of redox potential 
(< 4% Turner and Patrick, 1968) in conjunction with considerable H+ re­
leased by pyrite oxidaton, would account for a very slow decrease of Eh
in the lower zone. In the upper zone where the 0^ supply was relative- 
2+ly high, Fe produced due largely to pyrite oxidation at the zone and
3+ 3+diffusing from the lower zone was oxidized to Fe . Some of Fe ions
in turn were precipitated as Fe(OHa), ferrinatrite (Nav(Fe(S0 4 )a*3Hji0 ),
2+and natrojarosite (NaFe3 (S0 4 )̂ (0H)b). Consequently, Fe concentration 
was much lower than in the middle zone. Also 0^ concentration was prob­
ably lower in the upper zone than in the lower zone. The mixed systems 
of 0^-H^0 and Fe^+-Fe(0H)a or Fe^+-Fe^+ probably controlled the redox 
potential of the upper layer. In the middle zone, 0* might be almost
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depleted because the indigeneous O2 was used up for pyrite oxidation 
and the available diffusive O2 was less due to the consumption of the 
reduced iron in the upper layer. At very low O2 tension, pyrite would 
be oxidized by ferric oxide (van Breemen and Harmsen, 1975) according 
to the reaction:
FeS2 + 7Fe2 0 3 + 26H+ 15Fe2+ + 2S02" + 13H20 [1 ]
In this period pH was sufficient (~ 4.5) for several species of bacte­
ria to use iron oxide for oxidizing organic matter thereby releasing 
2+Fe . Whichever process the Fe(II) was derived from, it was mainly
2+present in the form of mobile Fe . The Eh in this layer was probably
2+ 2+ 3+dominated by Fe -Fe(0H) 3 or Fe -Fe system. With prolonged submer­
gence, the deeper horizons became more reduced whereas the former re­
duced zone in the upper layer became more oxidized. Near the soil
surface, the Eh increased with time. This was because the rate of O2 
2+consumed by Fe ions, produced at or diffusing to the soil surface, 
invariably decreased with time. Concurrently, activity of H+ and 
oxidant-to-reductant ratio increased in the later period of incubation, 
resulted mainly from the formation of natrojarosite. The minimum po­
tential was at -20 mV for the Bg-om in the 8 th month and -90 mV for 
the Bg+om in the 16th month.
2. pH profiles of the soils with and without added organic matter
Vertical distributions of pH in the Rsa soil with and without 
organic matter added for various periods of submergence are depicted 
in Fig. 3a-b. After being submerged for one month, pH in the Rsa-om 
soil (Fig. 3a) decreased throughout the profile. The lowest pH of 3.5
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Fig. 3. pH profiles at various periods of submergence of the 
five soils with and without added organic matter.
A black circle with a number denotes the pH of 
floodwater at a particular time (month) after 
submergence.
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was observed in the lowest horizon. A decrease of pH from the beginning
of flooding until about one month might be due to the acidification
2-process caused by hydrolyses of adsorbed S04 (Nhung and Ponnamperuma,
1966), adsorbed Al, dissolved A1 sulfate, and basic sulfate compound
such as AIOHSO4 (van Breeman, 1975). The chemical reactions illustrated
by van Breeman (1975) are:
ads S04 + 2Hz0 -» ads (OH)* + 2H+ + SoJ" [2 ]
AIOHSO4 + 2H*0 ■* Al(OH)-j + 2H+ + SO4 " [3]
2ads Al + 3Fe2+ + 6HZ0 ■> 3ads Fe + 2A1(0H) 3 + 6H+ [A]
Hydrolysis of exchangeable Al would only lead to an increase in ex-
2+changeable not soluble Fe . These species are involved in releasing 
protons necessary for iron reduction. They were believed to take over 
the role from CO;/ for the conditions too acid to effect appreciable 
dissociation of aqueous CO* (pK = 6 .A). Thus the alkalinity present in 
the very acid soil (pH < 5) will dominantly be in the form of OH rather 
than HCO3 . More dissolution of some soluble salts such as Fez(S04 ) 3 
resulted from a decrease ion activity product (Q) due to flooding could 
also yield protons.
A maximum soil pH of A.5 occured in the lower layer at month A.
After being submerged for 8 or 1 6 months, there was no further increase 
in pH. On the other hand, the longer the submergence time, the deeper 
the lower-pH zone. The low pH was invariably resulted from the forma­
tion of Fe(III) oxide, yielding H+. At about 0.25 to 0.5-cm depths, 
where the concentrated ferric oxide layer was located, the lowest pH of 
3.6 was observed. Some of H+ ions produced by the process of formation 
of Fe(0H) 3 were active H+ whereas some others were probably adsorbed on 
clay. With abundant H ions adsorbed, the clay became H-clay. The
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H-clay was unstable and turn into Al-clay. Al was believed to derive 
from interlattice or crystal frameworks of clay. Longterm repetitions 
of the process would subject to clay loss and alteraton, such as in 
many Aqualfs and Aquults as rainfed paddy soils. This process was 
termed by Brinkman (1970) as "ferrolysis".
Soil pH of the Rsa soil supplemented with organic matter (Fig. 3b) 
reached a maximum value of 6 . 2 in the lower layer after being incubated 
for 16 months. Like in the untreated soil, the pH at surface horizon 
of the Rsa+om was lower than the initial value (except for the first 
month) under prolonged submergence. In addition, the lower-pH zone ad­
vanced downward with time. However, the rate of advancement was slower 
in the Rsa+om as compared to in the Rsa-om. This was probably due to
the fact that the more abundance of locally produced and translocated 
2+Fe ions could stop 0* stream at a shallower depth.
The pH profiles of the Rs-om, Rs+om, Ma-om, Ma+om, Bk-om, and 
Bk+om are depicted in Fig. 3c-j. Among the untreated soils, the pH in 
the Bk-om soil (Fig. 3g) increased rapidly following submergence. In 
the Ma-om soil (Fig. 3e), after 1 month incubation pH increased about
0.4 units in the lower portion of soil profile. The pH in the Rs-om 
soil (Fig. 3c) tended to be constant up to 1 month of waterlogging.
The maximum pH observed for the 3 soils was greater than 6 in the lower 
profile after several months of incubation. The addition of organic 
matter seemed to exert no effect on pH in the Bk soil (Fig. 3h) except 
for delaying pH decrease in the surface horizon and a downward intru­
sion the ferric oxide zone. Organic matter obviously controlled on 
changes of pH in the Rs+om soil (Fig. 3d) and the Ma+om soil (Fig. 3f) 
by speeding up the increase in pH and delaying the extension of ferric
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oxide zone.
The pH profiles of the Bg-om and Bg+om soils are depicted in Fig.
3i-j. The addition of organic matter had no effect on pH changes in 
this soil. Submergence apparently increased the soil pH of the Bg soil.
An increase of soil pH initiated in the middle depth and the higher-pH 
zones extended deeper with time of submergence. The pH in the upper 
layer, on the other hand, decreased in the later period. The layer of 
natrojarosite on the soil surface was becoming thicker and the zone of 
undiscernible diffused ferric oxide extended deeper with time.
3. Vertical distributions of water-soluble and extractable Fe in the 
soils with and without added organic matter
a. Water-soluble Fe (-om)
Vertical distributions of water-soluble Fe in the five soils, (-om) 
submerged for various time periods are depicted in Fig. 4a-e. Regard­
less of depth, water-soluble Fe in the Rsa-om (Fig. 4a) increased with 
time. Soluble Fe (of less than 50 mg kg- 1 at day 3) reached the maximum 
value of 1 140 mg kg 1 after 16 months of submergence. Since the soil 
had a very low pH, 0% consumption by aerobic decompositon of organic 
matter at the soil surface was relatively low. Thus, even in the early
stage of reduction, 0% difffused downward through soil-water interface
2+and was consumed by Fe ions which were largely due to diffusion from 
the lower depths. After one month, a thin brown or reddish brown hori­
zontal ring of ferric oxide appeared at about 0.5-0.75 cm below the 
soil-water interface. The concentration of the water-soluble Fe in the 
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layer where the reduction of iron oxide was almost nil. With time, the 
"concentrated" brown layer became thicker. After 1 6 months the thick­
ness was approximately 0.3 cm and the lower boundary positioned 1 cm 
below soil surface. After 8 months, the concentration of soluble Fe in 
the concentrated brown layer was as low as in the uppermost soil layer. 
In the lower zone where 0^ was probably trace or nil, reduction of oxi­
dized iron forms proceeded and followed by parallel increase in soluble 
Fe. Concurrently, prolonged waterlogging caused a downward migration 
of the concentrated brown layer as well as the "diffuse" brown zone. 
After 16 months, the lower boundary of the diffuse zone was about 5 cm 
below the soil surface. This zone has previously been reported as an 
oxidized layer in flooded soils and sediments and related to vertical 
distribution and movement of iron (Patrick and Delaune, 1972). The 
downward advancement of the zone of low soluble Fe (Fig. 4a) with time 
paralleled the changes in extractable Fe (Fig. 5a) and Eh (Fig. 2a).
As evidenced from the 8 -month profile curve at depths below 3.5 cm and
the 16 -month curve at depths below 5.5 cm where the soluble Fe appar-
2+ently decreased, the precipitation of Fe in forms of FeyC^, FeCOa,
and FeaSiO* probably accounted for. When 0* diffused to the zone where
the reduced iron compounds were present, it was probably used for the
oxidation of soluble and exchangeable Fe (except for sulfide). From
the 16-month profile, it seemed likely that reduced solid iron forms
2+were less efficient than Fe ions in competing for 0* at a low PO*. 
Consequently, solid reduced iron might occur as separate particles or 
as occluded particles in ferric oxide pockets in the diffuse brown 
layer. Since the Eh was relatively high, the formation of FeS would 
not occur. Neither jarosite nor natrojarosite were observed, even in
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the 2-year sample.
Following 2 months submerging, pH at the intermediate and lower 
depths of the Rsa soil increased only about 0.2 to 0.4 units from the 
original value. This meant that the consumption of active H+ was only 
slightly greater than release of active H+. The former process was 
probably dominant by ferric oxide, such as in the reaction:
Fe(0H)a + 1/4CH*0 + 2H+ -> Fe2+ + 1/4C0* + 11/4^0 [5]
In flooded acid sulfate soils with pH lower than 5, the dominant pro­
ton donors are adsorbed Al and adsorbed SO4 (except young acid sulfate
soils containing high pyrite). With such high acidity CO*- is merely a
minor proton donor, hence little HCO3 is produced. Because of concen-
2+tration gradients, Fe ions diffuse upward. The diffusion is largely
2 *in the form of FeS0 4 (van Breemen, 1975). SO4 , on the other hand, may 
also diffuse upward with other cations such as Ca, Mg, and Al. Evidence 
implied that the levels of soluble SO4 , Mg, Ca, and Al in surface water
increased substantially in the second-month submergence. Available
(ws+exch.) Ca, Mg, and Al were signigicantly higher in the 0-0.5 cm 
layer than in the lower horizons after one month of submergence. In
9-the case of upward diffusion of Al along with SO4 , the evidence was
doubtful because the soil pH was remarkably lower in the surface layer
than in subsurface horizon (i.e. Al cone gradient is downward). Since
the diffusing iron was mostly precipitated in the concentrated brown
layer, there was a trace of iron in the floodwater. There was consid- 
2-erable SO4 diffusing to surface water during the first two months;
after which the rate diminished with time. There was evidence of in-
2 -creasing available SO4 in the concentrated brown layer after 4 months
2 -of submergence. It is likely that some of SO4 in the NaOAC (pH 4.0)
2-fraction was derived from adsorbed and/or ferric oxide occluded SO4 .
Ferric oxide would contain positive charges at low pH, for instance
hematite and goethite possess isoelectric points (pH) of 5-9 and 6-7,
2 -respectively (cf. Drever, 1982). Whichever cation that S04 diffuses 
o-with, SO4 was probably a minor proton donor because the hydrolysis of 
2-SO4 requires OH acceptor such as in the eq. [2]. The major proton 
donor at the oxidized zone was iron, such as in the reaction:
Fe2+ + 5/2HaO + 1/40* ■* Fe(0H)a + 2H+ [6 ]
Some of the H+ ions produced diffused into surface water but others
probably remained in the oxidized zone as active H+, exchangeable H+, 
and pH-dependent nonexchangeable H . The pH's of the surface water and 
the surface soil layer of the Rsa soil were about 3.8 during the first 
four months and decreased to 3.6 after 4 months. Because the soil was 
high in iron, as well as Al (even after flooding), one could expect to 
experience both iron and Al toxicities on rice grown on this soil in 
flood conditions.
Distribution of soluble Fe with depth and time in the Rs (-om) 
(Fig. 4b) and Ma(-om) (Fig. 4c) seemed to be similar to that of the 
Rsa(-om). Except that soil reductions in the Rs and Ma were more in­
tense, especially in the early stage of submergence. The maximum con­
centrations of soluble Fe in the Rs and Ma soils were about the same
magnitude (400 mg kg_1). It seemed evident that some of the reduced
iron precipitated in the Ma but not in the Rs soil. Since the redox 
potential was too high for FeS formation, the reduced iron compounds 
such as Fea0 4 , FeCO^, and Fê -SiĈ  may have formed. An advancement of 
the concentrated and diffused brown zones could also be observed in the 
two soils but with a slower rate than in the Rsa soil.
Iron reduction in the Bk-om soil (Fig. Ad) occurred rapidly. The 
maximum concentration of 610 mg kg 1 soluble Fe was observed after 2 
months of submergence at depths between 1 and 2 cm. After only 1 month, 
water-soluble Fe began to decrease at depths below 1.25 cm. Since soil 
Eh was approximately -100 mV, the formation of Fe(II) sulfide was prob­
ably the major cause of the decrease of dissolved iron. Regardless of 
depth, after 2 months of submergence, water-soluble Fe decreased with 
time. Upon prolonged submergence, water-soluble Fe was precipitated as 
FeS at the lower layer and as Fe(III) oxide at the upper layer. The 
reddish brown mottles of ferric oxide spreading into the upper part of 
the dark gray matrix (zone of sulfide formation) could be observed in 
this soil even though the appearance was not so clear as in the Rsa+om 
soil (Fig. 5a).
Vertical distribution of water-soluble Fe in the Bg-om soil after 
various times of submergence are depicted in Fig. 4e. In contrast to 
the other soils, the processes of dissolution (increase) and precipita­
tion (decrease) of iron largely involved pyrite oxidation and basic 
sulfate formation or hydrolysis. Following 1 or 2 months, the iron 
profiles obtained were similar except that more soluble Fe was released 
during the longer treatment time. The concentration of soluble Fe was 
greater in the middle as compared to upper or lower portions of the pro­
files. It was likely that in the middle profile water-soluble Fe was 
derived from oxidation of pyrite by 0̂ , Fe , and Fe(III) oxide as well
O-j.
as from the reduction of ferric oxide (by organic matter). The Fe
ions and the newly precipitated ferric oxide derived from oxidation of 
2+Fe by indigineous or diffusive 0^ were reused for pyrite oxidation 
through the activities of Thiobacillus bacteria. In the lower zone,
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pyrite oxidation was limited by less 0*. Since the soil pH in the lower 
zone was extremely low (~ 2.5), a use of ferric oxide as electron accep­
tor for reductants other than pyrite (e.g. organic matter) was probably 
inhibited. In the upper zone, water-soluble Fe was derived from oxida­
tion of pyrite, reduction of ferric oxide and, diffusion of dissolved Fe 
from the horizons below. A relatively low concentration of water- 
soluble Fe in the upper zone might be attributed to precipitation of 
ferric oxide, diffusion of solute Fe into supernatant, or formations of 
ferrinatrite (Na3Fe(S04)a*3Hi.0) and natrojarosite (NaFe3(S04)3(0H)b) on 
the water and soil surfaces. The formation of ferrinatrite and natro­
jarosite is discussed in the last section of this chapter. After 8 
months of submergence, water-soluble Fe attained the maximum value of 
9 500 mg kg 1 at lower depths (4-5 cm). The longer the incubation pe­
riod the deeper the extension of the oxidized zone. After 16 months, 
the rate of iron precipitation exceeded the rate of iron dissolution.
As the result, water-soluble Fe was reduced to 3 000 mg kg"1. It is 
assumed that above 0.5 cm iron was precipitated largely as natrojarosite 
and below that as ferric oxide.
b. Water-soluble Fe (+om)
Profiles of water-soluble Fe in the five soils with organic matter 
added at different periods of submergence are depicted in Fig. 5a-e.
Soluble Fe formation in the Rsa+om (Fig. 5a), Rs+om (Fig. 5b), Ma+om 
(Fig. 5c), and Bk+om (Fig. 5d) increased rapidly during the first month 
of incubation and attained the maximum values near the surface layer.
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curve; the concentration of water-soluble Fe was lower at depth. How­
ever, the cause of the decrease of soluble Fe in the Rsa+om was differ­
ent from the other 3 soils studied. Since soil pH was relatively low 
and Eh was relatively high in the lower profile, a delay of reduction 
of iron oxide was probably the major cause of the decrease of soluble 
Fe with depth in the Rsa+om soil. A decrease of water-soluble Fe with 
depth in the other three soils (+om), was attributed to the formation 
of insoluble FeS. In the Rsa+om soil, FeS was apparently forming from 
2 months onwards at the depth below 1.75 cm. Above 1.75 cm the zone of 
ferric oxide was established and extending deeper with time. The intru­
sion of oxidized iron oxide into the reduced iron zone appeared to oc­
cur after 2 months in the Rs+om and 8 months in the Ma+om and Bk+om.
The effect of added organic matter on the vertical distribution of 
water-soluble Fe in the Bg soil (Bg+om), as shown in Fig. 5e, was not 
apparent, except that the formation of natrojarosite seemed to be more 
intense by the addition of organic matter.
c. Extractable Fe (-om)
The profiles of NH40AC (pH 4.0) extractable Fe following various 
periods of submergence for the five soils (-om) are depicted in Fig.
6 a-e. Characteristics of the extractable Fe profiles for the Rsa-om 
(Fig. 6a), Rs-om (Fig. 6 b), and Ma-om (Fig. 6 c) were similar to their 
soluble Fe counterparts, except that there were two typical inflection 
points which were observed above 2-cm depth. The first inflection point 
hereafter would be termed "first maximum" and the second inflection 
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duction was least). The first maximum resulted from the extraction of
the newly precipitated ferric oxide in the concentrated brown layer by
NH4OAC at pH 4.0. The concentrated brown layer apparently centered at
0.75 cm in the soil surface. The precipitation of ferric oxide in this
layer created an iron concentration gradient between the brown layer
and the zone below. Because the diffusion coefficient (D) for iron was
+ 2+low (as compared to NH4 or Mn ) the diffusing iron mostly came from 
the adjacent zone below where the intensity of iron reduction was ob­
viously less than the more deeper zone. As a result, the second 
minimum of extractable Fe could be observed. Whereas the center of 
the first maximum zone was likely fixed at a particular depth, the 
center of the second minimum zone was dynamically shifting downwards.
This was probably due to a downward extension of the diffuse brown
zone with time. NH4OAC at pH 4.0 not only could extract exchangeable 
3+Fe and some of Fe from the newly precipitated Fe(III) oxide but might
2+also be able to extract some of Fe from Fe3 0 4 , FeCOa, Fe2Si0 4 , or 
even FeS. Considering from the first maximum, a filtration of super­
natant, extracted with NH4OAC at pH 4.0 or lower, under an 0 2 ~free 
atmosphere (to prevent iron precipitation), in order to determine total 
extractable Fe, probably wastes time and cost.
Fig. 6 d shows extractable Fe profiles of the Bk-om soil. The 
first maximum of extractable Fe did not appear in the graphs. How­
ever, the observation indicated that this incident did exist. But, 
because the concentrated ferric oxide layer was very thin (~ 1 mm) and 
positioned very close to the soil-water interface (~ 1-1.5 mm), hori­
zontal section of the soil core was unlikely fine enough to delineate
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it. On the other hand, Fe(III) iron in the hematite-containing red­
dish brown layer in this soil was relatively less extractable by 
NH4OAC (pH 4.0). The profiles of extractable Fe were inversely pro­
portional to the respective soluble Fe profiles. Regardless of depth 
and time, the concentration of extractable Fe was approximately an 
order of magnitude higher than that of soluble Fe. Both oxidation 
(in upper zone) and reduction (in lower zone) were intense in this 
soil; the NH4OAC fraction evidently contained an abundance of iron ex­
tracted from the easily reducible and easily oxidizable iron.
Fig. 6 e shows extractable Fe profiles of the Bg-om soil. Except 
for the upper parts of the 8 - and 16-month profiles, extractable Fe was 
similar to soluble Fe, even though the latter (regardless of depth and 
time) was twice as high in magnitude. A distinct decrease in extract- 
able Fe in the upper layer of the 8 - and 16-month periods was apparent­
ly due to formation of natrojarosite and ferric oxide at the expense of 
soluble iron. Exchangeable Fe in turn was displaced by H+ ions (pH ~
2.5) derived from the formation of Fe(0 H) 3 (eq. 6 ) and natrojarosite.
4. Oxidized layer in flooded soil
The thickness of the oxidized layer of a flooded soil or a sedi­
ment can not be easily established by measuring PO2 or aqueous O2 con­
centrations. Many workers prefer using redox potential as a measure 
to distinguish between the oxidized layer and reduced zone. For in­
stance, Patrick and Delaune (1972) recognized +400 mV as the interface
between oxidized and reduced zones. They also investigate the verti-
2+ 2+ 2- - + cal distributions of Fe , Mn , S , NO3 , and NH4 as a basis for
evaluating the thickness of oxidized layer. Reddy and Patrick (1976)
291
considered the thickness of a discernible reddish-brown layer in a 
flooded soil as oxidized soil territory. This colored layer is di­
rectly related to the thickness of the aerobic soil layer (Pearsall 
and Mortimer, 1939; Howler and Bouldin, 1971). In flooded soil and 
sediment, in fact, the oxidized layer is probably thicker than that 
can be detected by the naked eye.
In the present investigation, the colored layer could be divided 
into 2 layers, the concentrated colored layer and the diffuse colored 
layer based on ferric oxide formation. The concentrated layer was po­
sitioned at or near the soil-water interface and was characterized by 
a reddish brown or brown or yellowish brown color; the thickness seem­
ed to be somewhat definite in the range of 0.1-0.3 cm. The diffuse 
colored layer was the zone right below the concentrated layer, dis­
cernible and/or undiscernible, progressing downward with time. In the 
Rsa soil this area was observed to be greater than 4 cm thick after a 
year of submergence. Intrusion of the ferric oxide zone into the FeS 
zone was observed, and the boundary between the two solid phases un­
dulated. Evaluated from iron profiles, the diffuse layer was thicker 
than appeared from visual observation (~ 4 cm). That is, 0% penetrat­
ed to the depth lower than 5 cm. In this case, the oxidized layer 
thickness, based on iron vertical distribution, should be recognized 
as below 5 cm. In the Bk soil, where easily reducible Fe was high and 
reduction was intense, the oxidized layer was remarkably thin.
The position where the concentrated colored layer is located in 
flooded soil or sediment profile can probably be divided into 2 types: 
type a-ferric oxide initially forming right on soil surface, and type 
b-ferric oxide initially forming at a distance below soil surface.
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Fig. 7 shows schematic diagrams of types a and b.
Flooded soils and sediments including in type a (Fig. 7a) are:
1. Oxidized soils and sediment materials those undergoing reduct­
ion rapidly and intensely upon submergence, which includes soils and 
sediments containing high easily decomposable organic matter, high 
easily reducible iron, high nutrient status, and low toxic substances 
and having optimal pH
2. Translocated reduced sediment materials accreting on the top 
of a residual sediment
3. Reduced sediment materials incubated under submerged condi­
tions in laboratory
4. Oxidized soils containing high reactive iron supplemented by 
energy sources
5. Oxidized soils preincubated under submerged, anaerobic condi­
tions (e.g. in a closed system and/or under an enert-gas atmosphere) 
and later 0 * being permitted to diffuse through floodwater.
In type b (Fig. 7b), since reduction of oxidized iron is not fast
the rate of reduced iron produced at and diffusing to the soil-water
interface is slower than the rate of 0̂  supply. Consequently, 0̂  can
penetrate deeper in the profile and meet with a certain amount of pro-
2+duced and translocated Fe ions at a depth below the soil-water in­
terface. As a result, a brown concentrated horizontal ring of ferric 
oxide is apparently formed at a distance below the soil-water inter­
face. The ring obviously grows thicker with time until the rates of 
production and translocation of reduced iron for that depth are slower 
than the rate of 0* supply. The growth of the concentrated brown 
layer proceeds very slowly, while excessive Ojj is being consumed by
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Fig.7. Schematic diagrams of formation of ferric oxide layer in flooded soil columns.
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reduced iron in the diffuse brown layer. With the same duration of 
submergence, the extension of the diffuse brown zone is deeper into 
the flooded materials in type b than type a. The soils and sediments 
included in type b are:
1. Ordinary soils inundated in the field or in an open container
2. Adverse soils which reduce slowly even when supplied with 
energy sources, e.g. the extreme acid sulfate soil in Thailand
3. Translocated oxidized sediment materials settling on a residu­
al sediment.
In the present investigation, the Rs, Ma, and Bk soils with 0.5% 
organic matter added are categoried in type a. With organic matter 
supplemented, the reduction was more intense and rapid, resulting in 
precipitation of ferric oxide on the soil surface. In one-year incu­
bated samples, this layer was about 0.1-0.2 cm thick. The Rsa, Rs,
Ma, and Bk soils without added organic matter and the Rsa+om soil are
2+included in type b. The production and translocation of Fe ions was 
not rapid and intense enough to initially prevent 0% penetration 
through the soil-water interface, resulting in the formation of a 
brown horizontal ring at some distance below the soil surface. The 
perceptible upper boundary of the concentrated brown layer was 0.7 cm 
in the Rsa, Rs, and Ma soils, 0.5 cm in the Rsa+om soil, and 0.2 cm in 
the Bk soil below the soil-water interfaces. The reduction of oxi­
dized iron in the Bk-om soil was somewhat rapid, resulting in forma­
tion of the brown layer at a shallow depth. On the other hand, the 
reduction in the Rsa soil, even supplemented with 0.5% organic matter, 
proceeded sluggishly bywhich the position of the brown layer was some 
distance below the soil surface. After one-year incubation, the
thickness of the concentrated brown layer in soils type b was about
0 .2 -0 .3 cm.
The color of the concentrated brown layer was reddish brown for 
the Bk and Rs soils, brown for the Rsa soil, and yellowish brown for 
the Ma soil. The organic matter treated soils turned out to be the 
same color as their counterparts. For the reddish-brown layer, hema­
tite (Fej/Ô ) was probably formed through solid solution process. If 
so, the water molecules were excluded from Fe(0H)a or FeOOH, even 
under flooding condition.
The preoxidized Bg soil with and without organic matter added was 
different from the other soils; i.e. no brown color could be observed 
at all. Instead, a straw yellow layer of natrojarosite of about 0.3
cm thick (from the one-year samples) was established on the soil sur-
3+face. In floodwater and in soil at the surface, Fe was mostly spent
for the formation of natrojarosite. It was probable that in the sta-
+ 2 "bility field of natrojarosite (with high conc. of Na and SO4 ), 
ferric oxyhydroxide was unstable, or the color developed by ferric 
oxyhydroxide was observed by straw yellow. The soils without a dis­
cernible ferric oxide layer, such as the preoxidized Bg soil, may be 
categorized in another type such as type c (Fig. 7c).
The formation of a concentrated brown layer at or belqw the soil 
surface will probably affect, to some extent, the chemistry of organic 
and inorganic soil components. The reduced iron is likely the most 
rapid, dominant 0^ consumer in soil (except sulfide). The existence 
of a concentrated brown layer or a socalled temporary iron pan can 
probably delay the penetration of 0* through it. When the soil pH is 
different from its isoelectric point, pH-dependent charges of ferric
oxyhydroxide will affect, to some extent, other soil component chemis­
try. In flooded acid soils, ferric oxyhydroxide present in oxidized 
layer will presumably process positive charges (Iso pH ~ 6-9, cf. 
Drever, 1982). Occlusion activities of ferric oxyhydroxide on ion and 
non-ion soluble constituents could affect solution chemistry in flood­
ed soils. One of the chemical processes in flooded soils and sedi­
ments affected by the ferric oxide layer is probably nitrification- 
denitrification. In flooded soil because of a concentration gradient, 
NH4 diffuses upward and NOa diffuses downward. Diffusion of NH^ and
NO3 are probably retarded mechanically by the ferric oxide layer. NH4
2+ 2+ competes for Oj. with Fe as well as Mn . NO-j is electrostically ad­
sorbed by the positively charged ferric oxide, thereby reducing its 
downward diffusion. Some of NOa and NH^ could be occluded by precipi- 
tion of ferric oxide. The development of a low pH condition in the 
ferric oxide layer creates an impropriate environment for nitrifica­
tion to take place. As a whole, it may be inferred that the formation 
of ferric oxide on or near the surface of a flooded soil can, to some 
extent, should lessen or delay denitrification. The theoretical dif­
fusion models established by some workers to predict the chemical be-
+ - 2+ 2+ havior of some ions, such as NH4 , NO3 , Mn , Fe , in flooded soils
and sediments, however, should not discount this layer. Further study
is necessary on this issue.
5. Vertical distribution of Mn (-om)
The soluble Mn profiles for the Rsa, Rs, Ma, Bk, and Bg soils at 
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all soils started increasing earlier than iron. During the first 3 
days, Mn reduction was more intense in the lower than in the upper 
horizons. This was probably due to the lower pH in the lower zone.
In the Rsa soil (Fig. 8a), regardless of depth, soluble Mn decreased 
from the beginning of flooding to the fourth month and increased 
thereafter. The soluble Mn concentrations were affected mainly by 
soil pH. Redox potential exerted less direct effect than pH on the 
mobility and stability of Mn. Through an indirect effect of soil Eh, 
there were some evidences of Mn coprecipitation with or occlusion by 
ferric oxide upon soil oxidation and Mn association with solid reduced 
iron upon soil reduction. At 0.75 cm below the soil-water interface 
where the precipitation of ferric oxide was concentrated, a depression 
of soluble Mn caused by oxidized iron may have occurred at pH as low 
as 3.7. Mn transformation from mobile to immobile forms through the 
occlusion of ferric oxides at the near-surface soil was thought to 
creat a Mn concentration gradient. Because of very low soil pH, solu­
ble Mn diffused upward probably as the ion pair MnS0 4 . A large amount 
of diffusive Mn was probably immobilized at the concentrated brown 
layer. A small portion could diffuse to surface soil and floodwater. 
The concentration of soluble Mn was high in surface soil and floodwa­
ter as compared to that in the brown layer and in lower horizon during 
2 to 8 months of submergence. Because of very low pH in the oxidized 
layer, Mn0 2 probably did not form under this circumstance. After A 
months the zone of low pH began to extend downwards. This was attri­
buted to oxidation and hydrolysis of reduced iron. With prolonged in­
cubation, a decrease of soluble Mn caused by the occlusion of iron 
oxide probably exceeded Mn dissolution caused by increasing acidity.
Discounting the 3-day profile, soluble Mn in the Rs (Fig. 8b) and 
Ma (Fig. 8 c) soils decreased with time at depth in the profile. The 
lowest level of soluble Mn was observed from 8 months onwards. A re­
markable increase of pH in these two soils brought about by intense 
reduction decreased soluble Mn and favored the formation of insoluble 
reduced Mn as well as exchangeable Mn. An upward diffusion of Mn was 
probably due to dissolved MnS04 in the early stage and Mn(HC03)u in 
the later stage of submergence. The formation of MnS after 8 months 
at the depth below 3 cm probably reduced the diffusion of Mn upwards. 
Since the pH of the surface soil was low (~ 4.0), MnOjj might not be 
able to form. A depression of soluble Mn associating with precipita­
tion of oxidized iron compounds would be observed in soils under this 
condition. Inflection points could be observed although they were not 
so distinctive as that observed in the Rsa soil.
In the Bk soil (Fig. 8 d), Mn reduction proceeded slowly during
the first 3 days. From 1 to 16 months, water-soluble Mn was very low
(except in the surface soil incubated for 8 and 16 months). It could
be assumed that intense Mn reduction occurred for one month but a
2-  2-large amount of Mn reduced had already been precipitated by C0a , S , 
4-Si04 and maybe as Mna04. Unfortunately, there is no treatment bet­
ween 3 days and one month available for corroborating the point. How­
ever, the Eh and pH profiles and the remarkably high concentration of 
soluble Mn in the surface soil for the 8 - and 16-month treatments 
tended to reflect this point. The formation of MnS was probable to 
occur at the depth below 2.5 cm. Thus, diffusion of Mn to the surface 
was probably in the form of either MnOHCOa)* or MnS04, depending on 
the soil pH at a particular depth. An appreciable increase in the
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concentration of Mn in the surface soil after 8 months of submergence
paralleled a marked decrease in soil pH. Although the soil pH was
high but the soil Eh was greater than the point of S formation, Fe
2«and Mn can be expected to diffuse with SO4 . According to van Breemen 
(1975), this process is a major process for acidifying surface horizon 
of an alternately wet-dry, non-acid soil.
In the Bg soil (Fig. 8 e), water-soluble Mn increased with depth 
between 3 days and 8 months and decreased with depth for the 16-month 
submergence. Mn mobility appeared to be greatest at the end of 
2-month incubation. After 2 months, soluble Mn decreased with time at 
depths below 1.25 cm and increased with time at the depth'above 1.25 
cm. An increase of soluble Mn in the near-surface layer was related to 
the increase of acidity from the formation of natrojarosite and ferric 
oxide.
6 . Vertical distribution of A1 (-om)
Vertical distribution of water-soluble A1 in the five soils at 
various times of submergence are depicted in Fig. 9a-e. Water-soluble 
A1 in the Rsa soil (Fig. 9a) (except below 2.5 cm for the 3-day and 
1-month treatments) decreased with depth. Following one month submer­
gence, soil reduction was not intense enough to precipitate A1 at 
lower depth. The precipitation of A1 was closely related to iron 
redox chemistry. Soluble A1 decreased with time until between A and 8 
months, then increased with time thereafter. A redissolution of pre­
cipitated Al, in the 1 6-month profile, was pronounced at the upper and 
intermediate profile layers. The redissociation of Al was apparently 
due to increasing acidity established by reoxidation of reduced iron
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when 0̂  was able to penetrate deeper in the soil profile. There seem­
ed to be little Al occlusion by ferric oxides in the concentrated
brown layer. A marked disappearance of soluble Al in floodwater was
" 2observed from 2 months (= 13 x 10 mmol/dm2) onwards in conjunction
with a decrease in the supernatant pH and surface-soil extractable Al.
Aluminum can be precipitated as compounds other than Al(0H)a
(gibbsite). Following 16 months dissolved Al in floodwater decreased 
“ 2to 3.5 x 10 mmol/dm2 and the supernatant pH decreased to 3.5. The 
formation of AIOHSO4 in acid sulfate soil was hypothesized by van 
Breemen (1976). There was a possibility for AIOHSO4 to form only 
through the reaction yielding protons, such as:
Al3+ + Hj-0 + SO4 " = A1(0H)S04 + H+ [7]
but probably not by the reaction consuming protons such as:
Al(0H)a + 2H+ + SO4 " A1(0H)S04 + 2H*0 [8 ]
Because available K disappeared markedly during the later period of 
submergence and the ion activity product was supersaturated with res­
pect to alunite (log K °  of rx = 3.04; Lindsay, 1979), there was a pos­
sibility that alunite could form in this soil.
Regardless of depth and submergence time, the concentration of 
soluble Al in the Rsa soil was extremely high. The maximum concentra­
tion observed was as high as 400 mg kg 1. Under submerged conditions,
rice growing in this soil would invariably experience adverse effects
due to aluminum toxicity as well as iron toxicity.
Water-soluble Al in the Rs soil (Fig. 9b) increased during the 
first month of submergence. Considerable precipitation of Al was ob­
served after 8 months. The Ma soil (Fig. 9c), which had intense re­
duction during the early stage of submergence, reached its lowest
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level of water-soluble Al after two mouths. Soluble Al in the Bk soil 
(Fig. 9d) at the depth below 1.75 cm was apparently constant with time.
The concentration of soluble Al did not change much with depth except 
at the 16-month sampling.
In the Bg soil (Fig. 9e), the concentration of soluble Al was 
greatest in the lower profile during the first 2 months of waterlog­
ging. This was attributed to the oxidation of pyrite by O2 according 
to the reaction:
2FeS2 + 702 + 2H20 -*• 2Fe2+ + 4S02" + 4H+ [9]
A1 (0H) 3 and adsorbed Al then would buffer a decrease in pH. AIOHSO4 , 
if formed during the preoxidation period, could probably buffer a de­
crease in soil pH under extremely acidic conditions (pH ~ 2.5) accord­
ing to the reverse of rx. [7]. However, proton production overwhelmed
the buffering capacity, resulting in markedly decreased pH's as well
3+ 2- 2+as increasing solution Al , SO4 , and Fe . Unstoichiometrically,
the reaction could be represented by:
FeS2 + 02 + A1(0H) 3 + Ads Al -► Fe2+ + SO2" + Al3+ + H+ + H20 [10]
Between 4 and 16 months, dissolved Al increased in the upper layer and
decreased in the lower layer with time. The increase of dissolved Al
was probably due indirectly to the formation of natrojarosite as well
as ferric oxyhydroxide. The decrease of soluble Al in lower profile,
where the soil pH was relatively high ( > 4.0), was probably due to
the two reactions below:
12Fe(0H) 3 + 3CH20 + 8A13+ ♦ 12Fe2+ + 8A1(0H) 3 + 3C02 + 9H20 [11]
and
3FeS2 + 42Fe(0H)3 + 26A13+ + 44H20 ->• 45Fe2+ + 6S02" + 26A1(0H)3 [12]
Reaction [11] is achieved by the activities of facultative anaerobes
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when the soil pH is sufficiently high. The microorganisms use Fe(0H)a
3+as electron acceptor and Al as proton donor.
The diffusion of Al to the upper layer and floodwater was probab­
ly in the form of sulfate complexes such as AISO4 . Concentrations of 
dissolved Al in the supernatant increased with time of submergence and 
attained the maximum value of 3.7 mmol/dm2. This amount was equiva­
lent to 9.25 cmol kg 1 acid (B.D = 1.2 Mg m a) to a depth of 8 cm and 
a surface area of 12.57 cm2.
7. Vertical distribution of S (-om) and (+om)
Vertical distributions of NaOAC (1 M, pH 4.5) extractable S (ws + 
ad S) of the five soils with and without added organic matter at var­
ious periods of submergence are depicted in Fig. lOa-i. The extract- 
able S in the Rsa-om (Fig. 10a) and Rsa+om (Fig. 10b) was high at 
lower depth initially following submergence. Extractable S increased
in upper profile and decreased in the lower profile with time. Pre-
2-sumably, extractable S was mostly in the form of SO4 . As shown in
2 -Table 2-5 of Chapter 4, about half of the SO4 was in forms other than
2 "acetate-extractable S04 (in NHjjOH + DTPA extraction). Gypsum was re­
portedly not found in the Rsa soil. Other insoluble basic sulfate 
compounds may have been present in the soil or formed during handling 
the sample before the soil moisture was depleted. As far as ion ac­
tivity products are concerned, the soil solution was supersaturated 
with respect to alunite and jarosite; and the Eh-ph regime was in the 
stability field of these two minerals. During the early stages of 
submergence, a relatively large amount of extractable S found in lower 
depth could probably be due to instability of these compounds upon
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soil reduction. An increase of extractable S in the upper layer could
2-be due to an upward diffusion of soluble SO4 at time. The cations,
2-accompaning the soluble S04 were probably Fe(II), Al, Ca, Mg, and K.
A decrease of extractable S observed in lower layer of the Rsa+om soil 
after 2 months of soil reduction, aside from upward diffusion, was
2-probably due to formation of insoluble metal sulfide. Dissolved SO4
in floodwater increased and decreased with time for the Rsa-om and
2-Rsa+om, respectively. The maximum level of soluble SO4 observed was 
2.15 mmol/dm2.
In general, extractable S profiles for the Rs-om (Fig. lOe) and 
Rs+om (Fig. lOf) were similar to those of the Rsa-om and Rsa+om, res­
pectively. The exception was that a decrease of extractable S in the 
Rs-om at the depth below 3 cm was caused by formation of insoluble
sulfide. For the Ma-om (Fig. lOg) and Ma+om (Fig. lOh), increases in
2 -extractable S were probably due to dissolution of soluble SO4 salts.
2 -Diffusion of S04 to the upper zone was greater in the Ma-om than the
2+Rs-om. This was probably because the former had more Fe ions for
SO4 ions to diffuse with. For the Bk-om (Fig. 10c) and Bk+om (Fig.
lOd), large amounts of extractable S observed in lower layers at early
stages of submergence were probably derived from with the reduction of 
2 -SO4 -containing ferric compound. This was evident in Table 2-4 of
2 -Chapter 4 where the DTPA-extractable S04 was about an order of magni­
tude greater than water-soluble S plus adsorbed S. Gypsum could be
2 -another source of available SO4 in this soil.
Extractable S in the Bg-om soil (Fig. lOi) was greater in the 
lower section of profile. In the later stage of submergence, the dis­
crepancy of extractable S in the lower and upper depths was less ap­
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2-parent. This was probably due to upward diffusion of SO4 to the
upper layer and floodwater. The presence of supernatant water in con-
2-junction with the formation in the upper zone of SO4 -containing pre-
2 -cipitates such as ferrinatrite, natrojarosite, gypsum, created SO4 
concentration gradient upwards. Sulfate in floodwater was high (165 
mmol/dm2) following 8 -month incubation.
8 . Formation of basic sulfate compounds
After about 1 or 2 months a film of white green color appeared on
the water surface in the cores of the preoxidized Bg soil incubated
under submerged conditions with 4-cm water depth above the soil sur­
face (~ 50 ml water). Later the film was thicker and the color 
changed to reddish brown or red. After 2 months of incubation, the 
film was removed for mineral analysis. The X-ray diffractogram indi­
cated a peak depicting ferrinatrite (NaaFe(S0 4 )a*3H 0̂ ) (Fig. 11).
Neither goethite nor hematite could be observed. It was likely that 
the iron oxide was in the form of amorphous Fe(0H)3. The formation of 
ferrinatrite is represented by the reaction:
3Na+ + Fe3+ + 3 S0 4 ~ + 3H30 -► Na3Fe(S04 )a*3H20 [13]
The formation of ferrinatrite was governed solely by the activities of
Fe(III) ions. Ferric ions were in turn controlled by the diffusion of
2+ 2+ 3+Fe ion to the supernatant, the oxidation rate of Fe to Fe , and
3+
the precipitation rate of Fe to insoluble Fe(0H)3. The antagonistic 
effect on the formation of ferrinatrite due to precipitation of 
Fe(0H)a was minor at supernatant pH of 3. However, the pH at the 
upper surface of the ferrinatrite membrane, whereon iron oxyhydroxides 
precipitated, was presumably higher than that. Formation of ferrina-
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Fig. 11. X-ray diffractograns show the peaks of : (A) jarosite fron jarosltic horizon of Rsa 
soil; (B), (C), (D), (E), and (F) natrojarosite from the preoxidized Bg soil sub­
merged for 2 yrs., 1 yr., Bm, 4m, and 2m, respectively; (G) and (H) ferrinatrite 
from the preoxidized Bg soil limed and submerged for 1m and unlimed and submerged 
for 2m, respectively. (Radiation CuK , 1.5418, Filter Ni, PhilipB APD-3500.)
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trite required a lesser time span for the limed than the unlimed soils.
This was because liming promoted reduction of ferric oxide and oxida-
2+ 3+ 3+tion of Fe to Fe . The activities of Fe ions and the ion activ­
ity product (Q) with respect to ferrinatrite in the supernatant of the 
Bg-om and Bg+om were apparently highest during 4 and 8 months of sub-
3+
mergence (Table 1). Decreases of Fe and the ion activity product 
after 8 months was mainly due to the consumption of Fea+ ions for 
Table 1. Activities of some ions in floodwater of the submerged pre­
oxidized Bg soil with and without organic matter added at 
different incubation times.
  Bg-oro ____ ^ ___   Bg+om
>n lm 2m 4m 8m 16m lm 2m 4m 8m 16m
• l o g
H+ 3.80 3.20 2.65 2.70 2.80 3.80 3.20 2.65 2.70 2.80
K+ 2.85 2.75 4.13 - - 3.07 3.41 3.45 - -
Na+ 1.15 0.91 0.74 0.83 0.78 1.08 1.07 0.77 0.75 0.79
Fe2+ 2.14 2.03 1.98 1.98 3.51 2 . 2 1 1.99 1.99 2.46 4.15
Fe3+ 3.17 2.76 2.65 2.65 3.81 3.21 3.22 2.59 2.63 4.16
Al3+ 4.00 3.80 3.56 3.56 3.07 3.69 3.87 3.73 3.31 3.26
SO2- 1.73 1.80 1 . 6 2 1.62 1.62 1 . 8 6 1.90 1.70 1.70 1.81
natrojarosite and ferric oxide formations exceeding the rate of pro- 
3+duction of Fe ions. It could be speculated that the ion activity 
product (Q) of 10 ^ - 6 8  (mol L *) observed at the 2-month submergence 
was greater than the solubility product constant (Ksp) which could not 
be found in literature. After a few months the film of ferrinatrite 
disappeared. This suggested that this mineral was unstable with re­
gard to formation of natrojarosite for which a relatively large amount
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3 + + 3+of Fe was required. The ratio of activities of Na to Fe increas­
ed considerably at the 16th month.
After about 2 months of submergence, a few small straw yellow 
spots appeared on the upper face of ferrinatrite-ferric oxide film.
Later the spots became larger in size and had hemispherical shapes 
like fungus colonies. The X-ray diffractograms of the straw-yellow 
material samples took at different incubation times are illustrated in 
Fig. 1 1 . Except for the 2-month treatment, the peaks showed the char­
acteristic of the natrojarosite mineral. Neither jarosite, ammonio- 
jarosite, hydronium jarosite, alunite, natroalunite (NaAla(S04 )i;(0H)b, 
goethite, nor hematite could be observed in this yellow mottle. On 
the other hand, the yellow mottle took from jarosite horizon of the 
Rsa soil in the field was jarosite; no natrojarosite and other miner­
als could be detected. Under natural conditions much less natro­
jarosite was found as compared to jarosite. This was probably due to 
the fact that a considerable amount of Na was already leached out from 
the soil when the jarosite layer began to form, and the formation of 
jarosite in situ was a slow process. Under laboratory condition, Na 
was confined and its activity was about 2 to 3 orders of magnitude 
greater than that of K+ (Table 1). Not only was extractable K low in 
this soil but available K was also occluded by iron oxide. Formation 
of natrojarosite under laboratory conditions was a rapid process.
Natrojarosite formation began later than ferrinatrite formation
3+because the activity of Fe was thermodynamically a limiting factor.
At the beginning of submergence (2-4 months), natrojarosite would not 
likely form on the soil surface but on the ferrinatrite-ferric oxide 
film. The film could, to some extent, slow the rate of 0* diffusion
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3+into the water, thereby limiting an increase of Fe activities. Nat­
rojarosite would then initially form on the ferrinatrite-ferric oxide 
2+ 4  0 -membrane from Fe , Na , S04 , and H*0 those osmosed through the
membrane. In this case, 0* certainly was not a limiting factor, but a
relatively slow formation of natrojarosite was invariably due to low
2+  34-supernatant pH impeding the oxidation of Fe to Fe . It might be 
possible that pH on the membrane was higher than in the floodwater.
The formation of natrojarosite is given in the reaction:
4Na+ 4- 12Fe2+ 4- 8S04“ 4- 30* 4- 18H*0 -*■ 4NaFe*(S04 )*(0H) 6 4- I2H+ [14]
The formation of natrojarosite in a colony pattern, instead of a sur­
face pattern, was probably due to less energy required for the former.
When the colony became too heavy for the film to support, the film 
then broke and the natrojarosite sank, later natrojarosite would be 
observed forming on the soil surface and in the upper layer close to 
soil-water interface. Ferrinatrite was probably unstable in the sta- 
bality field of natrojarosite and disappeared in the later period.
Also jarosite as well as alunite might not precipitate in the stabili­
ty field of natrojarosite, even though the ion activity product much
-Qfi 6exceeded its Ksp (10 , cf. van Breemen, 1975). The ion activity
“ 6 1 2product with respect to natrojarosite was greatest ( 1 0 ) following
1 month of submergence and kept decreasing to attain the minimum 
-fift L
( 1 0 ’ ) at the end of fourth month, and was constant thereafter.
CHAPTER 9
Effects of Lime and Submergence on Vertical 
Distributions of pH, Eb, and Chemical Constituents 
in Extremely Acid Sulfate Soil Cores
Obj ective
This experiment was designed to quantify the effects of lime and 
submergence on the vertical distributions of pH, redox potential, and 
available Fe, Mn, Al, P, Si, Ca, Mg, K, and Na in the Rsa soil cores.
Materials and Methods 
The extremely acid sulfate soil, Rsa, with original pH of 3.9 ± 
1, was employed in this experiment. The predetermination of lime 
requirements to raise the aerobic pH of the soil to a given value was 
conducted by following the method developed by Dunn (1943). The only 
modificacation was the addition of 3 drops of chloroform to the limed 
soil suspension to prevent soil bioreduction and the suspensions were 
stirred continuously for 3 days. The pH treatments selected were 4.0 
(unlimed), 4.5, 5.0, 5.5, and 6.0. Pure Ca(0H) 2 was used as the lim­
ing material. The amounts of Ca(0H) 2 required to lime the soil to 
any of the selected pH's are listed in the table below.





6 . 0 0.9603 21.62
■F'Base on 2,000 tons of furrow-slice soil per ha.
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Air-dried soil with a given amount of Ca(OH) 2 was mixed thorough­
ly in a Nalgene bottle on a mechanical roller for 2 days. A 120-g 
sample of limed soil was then put in a PVC column, flooded and 
incubated for either 1, 2, 4, or 8 months. Each treatment was 
replicated 2 times. The procedures for monitoring Eh and pH in the 
profile, sectioning soil cores, and extracting chemical constituents 
by water and NH4OAC were the same as described in Chapter 8 .
Results and Discussion
1. pH profiles as a consequence of lime and submergence 
Figures la-e shows pH profiles in the Rsa soil cores as a result 
of liming the soil, to different pH's, and submerging the limed soil 
thereafter, at various times. For the pH 4.0 treatment (unlimed soil,
Fig. la), the soil pH decreased during the first month of submergence. 
According to Van Breemen (1975), acidification of soil is due to the 
hydrolysis of adsorbed SO4 and acid and basic sulfate components, e.g.
Ads S04 + 2H20 Ads (OH) 2 + 2H+ + SOf [1]
A12 (S04 ) 3 + 6H20 -*■ 2A1 (OH) 3 + 6H+ + 3S0|“ [2]
AIOHS0 4 + 2H20 -► A1(0H) 3 + 2H+ + S0|" [3]
and displacement of adsorbed H and Al by Fe2+ or Mn2+, e.g.
Ads H2 + Fe2+ * Ads Fe + 2H+ [4]
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Fig. 1. Redox profiles In the Rsa soil 
cores as affected by liming to different 
pH's and submergence at various tlmeB
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In the oxidized layer the ion pairs of FeS(>4 , diffusing from the 
lower section of profile, were oxidized and hydrolyzed and yielding H+ 
according to:
4 FeS04 + 02 + 10H20 -> 4 Fe(0H) 3 + 8H+ + 4 SOf [6 ]
Under this condition, pH was still too low to account for signif­
icant dissociation of C02, even though at the early period of sub­
mergence C02 was probably produced abundantly.
For the pH 4.5 treatment, it could be assumed that during a few 
days or a week, pH of the soil was very close to 4.5, corresponding to 
the pH value that obtained by lime requirement determination (deduc­
tion from pH treatments 5.0, 5.5, 6.0). Pure Ca(0H) 2 (fine powder) 
will dissolve quickly under very acid soil condition according to:
Ca(OH) 2 + 2H+ or Ads H2 -► Ca2+ or Ads Ca + 2H20 [7]
and
3 Ca (OH) 2 + Ads Al2 -*• Ads Ca2 + 2 A1(0H) 3 [8 ]
Following ^ or 1 month submergence, the pH was evidently lower than 
the value being expected due to lime requirement (pH 4.5). This means 
that in this stage the deacidification activities, with respect to 
active H+ ions, was less effective than the acidification activities. 
Deacidification was due to the combined effects of liming and soil 
reduction. During the first month of submergence, whereas the acidi­
fication tended to decrease the soil pH from 4.0 (original pH) to 3.6, 
the deacidification tended to raise the pH above 4.2. The deviation 
of soil pH from 4.5 was probably due partly to the effect of slowly 
acidifying conqionents, such as basic sulfate, pyrite, or iron-occluded
319
Al and SO4 . Also at pH above 4.0, C02 could behave as a proton donor; 
the partial pressure of C02 in the soil core was invariably several­
fold greater than the atmospheric C02 (10~ 4 * 5 MPa).
With higher lime rates, the pH of the flooded soils after the 
first month approached the point assessed by the lime requirement 
determined for a particular pH. After 2 months, soil reduction played 
a much greater role in raising the soil pH in the middle and lower 
sections of profile. This was mainly due to the reduction of ferric 
oxide. At high pH, C02 becomes an important proton donor. The 
reduction reaction is given by:
4 Fe(OH) 3 + CH20 + 8H* -*• 4 Fe2+ + HCO3 + 10H20 [9]
With high rates of lime, the redox potential apparently decreased 
to the point of sulfide formation following prolonged submergence.
The reaction was believed to yield HCO3 , e.g.
SOI" + 2 CH2 0 + H2S + 2 HCO3 [10]
or
4 Fe (OH) 3 + 4 SOt" + 9 CH20 4 FeS + 8 HCO3 + C02 + 11 H20 [11]
In the upper section of the profile, oxidation of Fe2* to Fe(0H) 3 
established the zone of low pH, extending deeper with time. Except 
for the pH 6.0 treatment, the effect of lime to raise soil pH was far 
inferior to the potential acidity that diffused up to the soil surface 
mainly in the forms of Fe2* and SOI which turned into active acidity 
upon oxidation. The zone of minimum pH could be observed in the 
concentrated brown layer even in the soil limed to pH 6.0. The upward 
diffusion of Fe2* was established in the form of the FeS0 4 (Howeler
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and Bouldia, 1971) and Fe(HC03 ) 2 or FeHC03 as well as FeCl2. The
diffusion of Fe2* with S0| was pronounced before sulfide formation
«commenced. After considerable amount of FeS precipitated, FeS0 4  
probably migrated from the middle section of the profile. FeS0 4 from 
the midprofile might also diffuse downwards because the precipitation 
of FeS below created concentration gradients of both Fe2* and S0| .
This incident seemed likely to occur in the soil limed to pH 6.0 after 
being incubated for 8 months. The diffusion of Fe2* with HC03 was 
usually established where the soil pH was higher than 5 (van Breemen,
1975).
Precipitation of iron in the concentrated brown layer and diffuse 
ferric oxide zone (mentioned in Chapter 8 ) created Fe2* concentration 
gradients upwards. For the pH 6.0 treatment, the emigration was 
probably established in the form of Fe(HC03)2. H* ions resulting from 
the oxidation of Fe(II) were neutralized by HC03, establishing the 
evaluation of C02 according to:
Fe(HC03 ) 2 + h H20 + \ 02 -> Fe(0H) 3 + 2 C02 [12]
However, if the other reaction implied below takes place one mole of 
Fe(HC03 ) 2 oxidized will produce one excessive mole of H*:
Fe(HC03 ) 2 + H20 •* Fe(0H) 3 + H* + 2 C02 [13]
With the highest lime rate studied (pH 6.0), however, the abundance of
— + + + +HC03 diffusing upwards with Ca2 as well as Mg2 , Na , and K would
deacidify the acidity produced. -It might be asssumed that acidifica­
tion would overcome deacidification in the surface layer if submer­
gence period were extended longer.
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For the lime-treated soils with pH's lower than 6.0, the diffu­
sion of Fe2+ was probably in the form of both HCO3 and S0j|’ (as well 
as Cl ). Oxidation of acidic-anion forms of Fe(II), such as FeS0 4 and 
FeCl2, will acidify oxidized soil layers. The fate of H produced may 
be in forms of active H , adsorbed H on clay and sesquioxides, dif- 
fused H (to surface water). Some of the active acidity will turn 
into potential acidity in the form of Al ions. Some of the H clay 
will convert to Al clay with time. Adsorbed H on ferric oxyhydroxide
will establish pH-dependent positive charge (pk = 6  - 9). Diffusion
+ 4* . „of H as well as Al3 with acidic anions, such as S0| or Cl , to
floodwater is a process in which acid is lost in natural conditions.
In a confined container, some of Al3 , S0| , and Cl as well as H 
might be occluded by iron oxide, thereby the acid, with respect to 
capacity factor, will be lost to the supernatant less than it should 
have been. Since active and potential acidities were accumulated 
considerably in the upper profiles, lime requirement hence was a 
temporary ameliorator correcting only the intensity factor. In 
Thailand, marl applications are recommended on acid sulfate soils 
every 5 years.
In very reduced soil, such as the Rsa soil limed to pH 6.0,
considerable amounts of Fe2* were probably precipitated as FeS. HC03
diffused upwards with Ca, Mg, Na, and K in the very reduced soil and
with Ca, Mg, Na, K, and Fe in the moderately reduced soil. Among the
five elements K appeared to have the greatest diffusivity. Water- 
soluble and exchangeable K were found to be concentrated in the upper 
layers. In contrast, Ca, Mg, and Na were confined to the lower layers.
With prolonged submergence, the discrepancy of the respective
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concentrations of Ca, Mg, and Na in water-soluble and extractable 
fractions between the upper and lower sections of the profiles was 
diminished. This was due to the upward diffusion of these elements.
Table 1 shows vertical distributions of available Ca (ws + extr) under 
different liming treatments and flooding durations. More soluble Ca 
diffused to the upper horizons and floodwater with time. The dominant 
anion accompanying Ca as well as the other basic cations was HCÔ .
Table 1. Vertical distribution of water-soluble plus extractable Ca 
(mg kg *) as affected by liming and submergence.
Depth
(cm)
.5m lm 2m 
pH 4.0





0.103 0.056 0.209 — 0.123 0.384 0.508 0.652 0.683 1.01
0.25 236 262 244 210 288 1372 1485 1473 1227 1151
1.25 277 285 272 241 284 1484 1643 1551 1430 1251
2.50 286 306 292 287 290 1650 1671 1601 1598 1746
4.50 318 324 309 295 306 1732 1774 1646 1639 1638
6.50 353 359 335 
pH 5.0




waterf 0.408 0.665 0.947 2.00 1.83 0.669 0.987 0.224 2.00 1.92
0.25 2502 2848 2954 2842 2048 3575 3836 3657 3228 3184
1.25 2806 2894 2964 2935 2376 3745 3833 3696 3538 3944
2.50 2856 3030 2959 2859 3117 4332 3961 3536 3459 3764
4.50 2907 3143 3039 2896 2788 4349 4131 3850 3579 3653
6.50 3325 3073 3021 2942 2855 4454 4445 4143 3810 3816
t'm mol/dm
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The precipitation of FeS is a process of acidity preservation in the 
soil; in reverse, the diffusion of basic cations with HC03 into 
floodwater followed by a loss through lateral drainage is a process of 
alkalinity loss.
By nelecting the acidifying processes caused by wetting the soil 
and by assuming that the aerated soil pH is the initial pH of a par­
ticular limed soil, submergence then could raise the soil pH by 0.5 
units in the soil limed to pH 4.0 (unlimed), 4.5 or 6.0 and by 1 unit 
in the soil limed to pH 5.0 or 5.5. Increasing lime rates essentially 
stimulated soil reduction. Liming the soil to a pH close to 7, however, 
would be antagonistic, due to the effect of the dissociation of COj.
2. Redox profiles as a consequence of 
lime and submergence
Figures 2a-e show redox profiles as affected by liming and sub­
mergence. Liming appeared to accelerate a decrease of soil Eh. 
Increasing lime rate virtually speeded up the rate of Eh reduction.
This is probably due to the fact that liming created more favorable 
environment for microbial activities, increased pH, shortened the time 
required for the system to proceed to the point of lower oxidant-to- 
reductant ratio, and shifted Eh rapidly to the range dominated by S0|
-S2 system. A rapid shift from iron redox system to sulfur redox 
system was probably because the redox poise due to iron was diminished 
by a rapid precipitation of solid reduced iron. When the redox poise 
due to iron system decreased, S redox system then predominantly 
governed the redox potential.
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With the heaviest lime rate (pH 6.0 treatment) the redox poten­
tial decreased rapidly during the first month of submergence and 
reached the point of sulfide formation (— 100 mV). The optimal pH for 
dissimilatory sulfide formation was found to be about at neutral. 
Starkey and Wight (1945) noted that pH 7 was the optimum pH for 
biological sulfide production.
With prolonged submergence, Eh decreased in the lower horizons 
and increased in the upper layers. The increase of Eh in the upper 
layers was probably due largely to the oxidation of diffused Fei!+ 
yielding ferric oxide and H+.
The interaction of submergence and liming on redox potential was 
clearly evident. Whereas submergence decreased the Eh to +150 mV, 
submergence in combination with heavy lime rate could lower Eh's to 
-150 mV. Like added organic matter (Chapter 8), lime seemed to be 
able to delay a downward progression of the diffuse ferric oxide zone 
with time.
3. Vertical distribution of water-soluble Fe 
as a consequence of lime and submergence 
Figures 3a-e depict vertical distribution of water-soluble Fe as 
affected by lime rates and submergence durations. Submergence in­
creased water-soluble Fe. The concentration of soluble Fe in the 
middle and lower sections of the soil profile increased with time of 
submergence. Submergence brought about a diffusion of Fe2* to upper 
horizons, and the Fea+ was then oxidized and precipitated as ferric 
oxide. A downward extension of the lower-soluble Fe zone or the 
diffuse brown zone in the soil core was positively related to sub­
mergence time.
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Fig. 3. Vertical dietrlbutlon of water-soluble Fe in 
the Rsa soil cores as affected by liming to 
different pH'b and submergence at various 
tines.
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It was clearly evident that liming remarkably decreased water- 
soluble Fe. For ferric oxide reduction, protons are required. For 
instance, Fe(0H)3 (soil) is reduced according to:
Fe (OH) 3 (soil) + 3H+ + e- -+ Fe2+ + 3H20 [14]
from which
log Fe2+ = 15.74 - (pe + pH) -2pH [15]
(Lindsay, 1979)
Under a particular pe + pH, increasing the soil pH by one unit will 
decrease the Fe2* activity by 100 fold. Liming probably depresses 
water-soluble Fe also by speeding up the production of some anion, 
such as CO2 , S2 . Consequently, Fe2* was precipitated as insoluble 
reduced iron faster than that observed for the unlimed soil. Under 
high soil pH, C02 will become a dominant proton donor. Thus, H* is
not limited in use for the reduction of iron, even in a heavily limed
soil.
The highest and lowest concentrations of soluble Fe were found 
following 8-months of submergence in the unlimed soil and the soil 
limed to pH 6.0, respectively. The precipitation of reduced iron 
compounds, prior to the formation of FeS, should be attributed to 
formation of Fe30 4 and/or Fe3(0H)g (Ponnamperuma, 1972) or compounds 
that are less soluble than Fe3 (0 H)g but more soluble than Feg0 4  
(Lindsay, 1979). The redox equilibrium where Fe(0H)3 (soil) and Fe3 0 4  
(magnetite) can coexist is given by the reaction:
3Fe(0H)3 (soil) + H* + e- •» Fe3C>4 (magnetite) + 5H2O [16]
(log K° = 11.53) 
from which pe + pH = 11.53
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At PCO^ of 10_A‘S, 10 10 a'D MPa, siderite can form at pe + pH of
5.22, 3.69, 2.19, or 0.69, respectively (Lindsay, 1979). FeS was 
probably responsible for the marked decrease of soluble Fe at the soil 
Eh below -100 mV. Because the rates of mineral transformation are 
generally much slower than the rate at which the electrons are sup­
plied, the minerals mentioned above may coexist.
4. Vertical distribution of extractable Fe 
as a consequence of lime and submergence 
Figure 4 depicts the vertical distribution of NH40Ac extractable 
Fe as affected by liming and submergence. Extractable Fe increased 
with time of submergence. Unlike the water-soluble Fe, lime did not 
show any effect on NH40Ac (pH 4.0) extractable Fe. This was due to 
the fact that NH40Ac at pH 4.0 could also extract part of the insolu­
ble reduced iron, such as FeCO^, Fe^04, FeS, etc. in the reduced zone 
and newly precipitated Fe(III) compounds in the oxidized layer. The 
highest lime rate (pH 6.0 treatment), delayed the intrusion to greater 
depths of low soluble Fe zone, reflected a non-existence of the first 
maximum and the second minimum points (the terms used in Chapter 8) of 
extractable Fe.
5. Vertical distribution of water-soluble Mn as a 
consequence of lime and submergence
Figure 5 shows vertical distribution of water-soluble Mn as 
affected by liming and submergence. An increase in pH either by 
liming or submergence decreased soluble Mn. For instance, if 
Manganite (y-MnOOH) is responsible for the solubility of Mni!+, the 
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MnOOH + 3H+ + e" + Mn2+ + 2H20 [17]
from which
log Mn2+ = 25.27 - (pe + pH) - 2pH [18]
At a given pe + pH, increasing pH 1 unit will decrease soluble Mn 
by 100 fold.
Liming as well as submergence would establish soil conditions 
that induce a decrease in pe + pH and increase the activities of some 
anions. Soluble Mn probably precipitated with anions, such as CO§ ,
S2' , sooner in the limed soil than in the unlimed soil. Liming, 
therefore, may suppress Mn toxicity as well as create Mn deficiency on 
rice.
6. Vertical distribution of water-soluble A1 as a 
consequence of lime and submergence
Figure 6 shows vertical distributions of water-soluble A1 as 
results of liming and submergence. Water-soluble A1 decreased due to 
liming. Liming the Rsa soil to pH 6.0 apparently decreased soluble A1 
from 290 to 6 mg kg 1. It might be assumed that most of the A1 
precipitated as A1(0H)2. Submergence affected the change of soluble A1 
concentration in 2 ways: 1) decreasing soluble A1 when Al3+ buffered 
an increase of pH in the middle and lower sections of soil profile and 
precipitated as A1(0H)3, and 2) increasing soluble A1 when Al(0H)s 
buffered a decrease of pH in the upper layer of soil profile.
7. Vertical distribution of soluble and adsorbed P 
as a consequence of lime and submergence
Both soluble and adsorbed P significantly decreased due to liming
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(Appx. Table 9A). Among the lime treatments, the higher lime rates 
tended to decrease available P. Time of submergence did not signif­
icantly affect the vertical distribution of soluble P or adsorbed P.
CHAPTER 10
Summary and Conclusions
Laboratory exeriments were conducted on the redox-pH-ion chemistry 
of five Thailand soils commonly used for rice cultivation. The 
soils used in this study were; l) Rangsit Very Acid (Rsa), 2)
Rangsit (Rs), 3) Mahaphot (Ma), 4) Bang Pakong (Bg), and 5)
Bangkok (Bk). The first three soils are acid sulfate soils (Sulfic 
Tropaquepts), the fourth is a potential acid sulfate soil (Typic 
Sulfaquent) and the fifth is a non-acid marine soil (Typic Tropaquept). 
The experiments described in this study were conducted with stirred 
soil suspensions in closed microcosms (unless stated otherwise).
In the first experiment, the effects of adding 1% organic 
matter (either in a single or split application) on the kinetics of 
Eh, pH, and several chemical contituents were investigated as the 
microcosms were taken from oxidized to reduced to oxidized conditions.
Organic matter additions usually accelerated the reduction 
process and allowed the soils to become more reduced than their 
unamended counterparts. The only exception to this was the Bg soil, 
which had a high native organic matter content (6%). Soil pH was 
found to be inversely related to redox potential. In the soils with 
zero or 0.5% added organic matter, an initial decrease in pH was 
noted at the onset of anaerobic conditions. Thereafter, the soil pH 
increased. However, this initial decrease was not noted in the 
soils that had received 1% organic matter. This was probably due to 
accelerated reduction. As with Eh, organic matter amendments did
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not effect the pH in the Bg soil. Following reoxidation, soil Eh 
increased rapidly, with a concommitment decrease in pH.
Water soluble manganese in the Rs and Rsa soils remained constant 
as Eh was decreased and decreased following reoxidation. Whereas in 
the Ma and Bg soils, water soluble manganese increased after reoxi­
dation. Extractable manganese generally parrelled water soluble 
manganese.
Water soluble and extractable iron increased in the Rs and Ma 
soils during the first 40 days of reduction and then levelled off.
The same pattern was noted for the Rsa soil, which reached its peak 
water soluble iron concentration at day 20. In the Bg soil, water 
soluble and extractable iron increased throughout the reduction 
cycle. Organic matter additions resulted in much greater concentra­
tions of iron in all but the Bg soil. Upon reoxidation, soluble iron 
levels decreased in all of the soils. Water soluble iron in the Rs,
Rsa and Ma soils approached zero after three days of oxidation.
However, due to the extremely acidic nature of the Bg soil, iron 
levels remained relatively high.
Water soluble aluminum decreased in all soils following reduction, 
except for the Rsa soil where it increased. Organic matter additions 
enhanced aluminum removal during the reduction cycle. Soluble A1 
increased dramatically during the first week after the soils were 
reoxidized. While soluble A1 decreased in the Rs and Ma soils after 
this time, it continued to increase throughout the oxidation period 
in the Rsa and Bg soils.
Water soluble S increased in all of the soils at the onset of 
anaerobiosis and then leveled off. Extractable S decreased in the
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Rs and Ma soils, but followed the same trends as water soluble S in 
the other soils. Organic matter additions caused decreases in 
soluble S in the Rs and Ma soils, whereas they had little or no 
effect in the Rsa and Bg soils. Reoxidation generally led to de­
creases in soluble S in the unamended soils, whereas it caused 
increases in soluble S in the soils that had received organic matter.
Soluble and extractable Si increased throughout the reduction 
period in all of the soils. Organic matter additions depressed Si 
levels. Upon reoxidation, soluble Si increased dramatically for the 
first week or so and declined thereafter. On the other hand, extract- 
able Si was unaffected by oxidation.
In the second experiment, highly reduced soils were oxidized in 
a stepwise fashion by 100 mV increments. After the soils had reached 
the desired Eh, they were allowed to equilibrate for two weeks 
before sampling. Once the soils were completely oxidized, the Eh was 
decreased by 100 mV increments in a similar fashion. However, only 
one week equilibration times were used in this stage of the experiment.
The parameters investigated in this experiment were water soluble 
and extractable Al, Ca, Fe, Mn, P, Si, Zn, and pH.
Soil pH decreased as redox potentials were increased. Under 
very reduced or very oxidized conditions, changes in Eh had very 
little effect on pH. However, at the intermidiate redox range the 
Eh/pH slopes were large (-177 mV) and corresponded to the theoretical 
values of the Fe(II)-Fe(III)oxide redox system. A thermodynamic 
prediction of iron oxide solid phases governing ferrous iron activi­
ties (and Eh-pH equilibria) in the intermediate redox range was made
V +by plotting pe+logaFez versus pH. The results indicated that
Fe(OH)a soil(log k°=15.74) was the iron phase that governed iron 
activities in the Bk and Bg soils. Fe(0H)a amorphous (log k°=17.91) 
was the predicted solid phase controlling soluble Fe2* in the Ma 
soil. In the Rsa and Rs soils, the solid phase governing iron 
activities had a predicted log K° value between Fe(0H)a soil and 
geothite (log k°=13.02).
As the redox potential was increased from its lowest point to 
-150 mV, water soluble iron increased in all of the soils. However, 
beyond this point further increases in Eh resulted in decreases in 
water soluble iron. The only exception to this was seen in the Bg 
soil, which had higher iron concentrations under oxidizing conditions. 
This was probably due to the oxidation of pyrite, which resulted in 
acidic conditions.
As the soil Eh was lowered in the second half of the experiment 
(reduction cycle), water soluble iron levels increased. Although 
the patterns of iron release in the most of the soils were similar 
to iron removal during oxidation, there was some deviation in the 
curves, which was probably due to the shorter equilibration time 
used for the reduction cycle. The most prominent deviation occurred 
in the Bg soil. This was probably due to the reduction of iron 
oxides which had formed during pyrite oxidation in the oxidation 
cycle.
Water soluble Mn in the Rs and Bk soils remained relatively 
constant as the Eh was increased during the oxidation cycle. Water 
soluble Mn increased slightly during oxidation in the Rsa and Ma 
soils. However, water soluble Mn in the Bg soil doubled upon oxida­
tion. Extractable Mn increased with increasing Eh in all soils
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except the Bg soil, which peaked at an intermediate Eh before de­
creasing.
As soil Eh was increased, soluble and extractable A1 increased, 
due to decreases in soil pH. Aluminum concentrations also increased 
at the beginning of the reduction cycle, reached a peak and then 
declined with further decreases in Eh. Water soluble and extractable 
Si behaved similiarly.
In the third experiment, changes in water soluble and extractable 
Fe, Mn, Al, Si, P, Zn, Cu, and Mo were monitored in the four acid 
sulfate soils under controlled Eh and pH conditions. The ratio of 
ferrous to ferric iron was also determined.
Results of this experiment showed that water soluble iron was 
inversely related to both pH and Eh. However, this trend was not 
always found with extractable iron. This may have been due to the 
solubilizing effect of the ammonium acetate (pH 4.0) used. The 
ratio of dissolved ferric to total dissolved iron was found to be 
positively related to Eh and pH for both the water soluble and 
extractable fractions.
Soluble Mn was inversely related to soil pH in all of the 
soils. However, only the Rs soil showed a significant (negative) 
relationship with Eh. Similiarly, extractable Mn was not signifi­
cantly effected by soil Eh.
Water soluble Al was inversely related to soil pH and positively 
related to soil Eh in the Bg soil, whereas in the other soils it was 
highly variable. Extractable Al .was positively correlated to soil 
Eh and negatively related to soil pH.
Water soluble Si was inversely related to both soil Eh and pH, 
although the effect of pH was greater. The same trends were found
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for water soluble P, although the effect of Eh was greater. Water 
soluble Zn and Cu increased with decreases in pH and increases in 
Eh. Whereas water soluble Mo was negatively related to both Eh and 
pH.
In conjunction with this experiment, Eh measurements were made 
in the soil and supernatant phases of unstirred suspensions and 
compared to those of the stirred suspensions. Under highly reduced 
conditions, the Eh of the bulk soil was 250 to 300 mV lower than the 
overlying supernatant. Under moderately reduced conditions, the 
soil Eh was still 150 to 200 mV lower than the supernatant Eh.
However, under highly oxidized conditions no differences were found.
The Eh of the stirred suspension appeared to be an average between 
the soil and supernatant solution.
In the fourth experiment the effects of organic matter on the 
vertical distribution of redox potential, pH and several chemical 
constituents were studied in all five soils as a function of time.
This experiment was conducted utilizing soil cores incubated in the 
dark.
Results of this study showed that the rates and extent of 
reduction increased when organic matter was added, except in the Bg 
soil which was high in organic matter initially. Redox potentials 
generally decreased for several months and then tended to increase 
slowly. Changes in Eh with depth were also noted and will be discussed 
later.
Organic matter was also found to increase the pH of these soils 
(except Bg). This effect was prabably due to enhanced reduction.
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In general, soil pH increased with flooding. Changes in pH with 
depth were also observed and will be discussed later.
Organic matter additions increased the concentrations of water 
soluble iron in all but the Bg soil. Water soluble iron increased 
in the Rsa, Rs, Ma, and Bg soils with time. However, in the Bk soil, 
water soluble iron peaked after two months of submergence and decreased 
thereafter. Water soluble iron generally increased with depth.
As stated earlier, Eh and pH varied with depth. In general, 
the soil surface had higher Eh's and lower pH's than that below it.
These conditions led to the formation of several layers of different 
color with time. The top layer, situated at or near the soil surface, 
was characterized by a reddish brown color. This "concentrated" 
brown layer had large amounts of ferric oxides which could be extracted 
partly with ammonium acetate (pH 4.0). Situated just below this 
layer was another zone of ferric oxides which was termed the "diffuse 
layer". The soil below this layer tended to be grey, indicating more 
intense reduction. With time, the oxidized layers grew downward, 
causing the Eh in this region to increase and pH to decrease.
Since the levels of water soluble iron were greater with depth, 
iron diffused upward in response to the concentration gradient. As 
the iron encountered diffusing 0*; stream, it precipitated as ferric 
oxide and caused the colored zones to grow.
The position where the "concentrated" brown layer is located in 
flooded soils can be divided into two types: (1) Type a - where the
ferric oxide initially forms on the soil surface and (2) Type b - 
where the ferric oxide initially forms at some distance below the 
surface. The Rs, Ma, and Bk soils with added organic matter were
categorized as type a, whereas the Rsa, Rs, Ma, Bk, and Rsa+om soils 
were included in type b. The Bg soil, which will be discussed 
below, was classified as type c since it did not have these layers.
In the Bg soil cores, a greenish white film appeared on the 
water surface after about one month, a red or reddish brown film 
occurred on top of the first film after two months and a few straw 
yellow hemispheriods occurred on top of the other two films after two 
more months. X-ray diffraction patterns revealed that the greenish 
white substance was ferrinatrite and the yellow hemispheroids were 
natrojarosite. The reddish brown layer was assumed to be amorphous 
ferric oxide. The highly acidic conditions that caused these mineral 
phases to form probably resulted from extensive pyrite oxidation. 
However, the kinetics of formation of these minerals were governed 
primarily by ferric-ion activities.
Water soluble Mn decreased with time of submergence. In the 
lower layers this was probably due to the formation of M n ^  or 
MnCO^ in the Rsa soil and Mn^O^ MnC0;j, and/or MnS in the Rs, Ma, and 
Bk soils. In the upper layers, manganese was probably being occluded 
by iron oxides. Water solbule Al and S were generally inversely 
related to soil pH, with higher concentrations of both being found 
in the oxidized, acidic layers.
In the fifth experiment the effects of different levels of lime 
on the vertical distribution of pH, Eh, and several chemical consti­
tuents was investigated as a function of time, utilizing the Rsa 
soil. This experiment was conducted utilizing soil cores as in 
experiment four.
During the first month of submergence, the pH of the unlimed 
soil and the soil limed to pH 4.5 decreased. However, when the
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soils were limed to pH 5.0, 5.5, or 6.0, this initial decrease in pH 
did not occur. After the first month of flooding, the soil pH's 
increased. Liming enhanced reduction and delayed the downward 
intrusion of the oxidized surface zone. Liming also resulted in 
decrease in water soluble Fe, Mn, F, and Al. Liming increased dissolved 
Si.
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Appendix Table 6A* Average veluee of pH and uater-aoluble and extractable natal Iona In Rea aoil
(etirred auapanaion) under particular redox potentiala being controlled atepuiae
ire* reduced to oxidixed conditiona and vice veraa.
Eh
(■V)
PH Cu 2n Fe Ha Ca Hg Ho Si t A1
ftoductd to Oxidizsd U a  9  j a *  C m  1 a• lh 1 b /  u.-ll_ _ _ _ _ _ _ _ _ _ _




213 0.22 199 1.28 1.97
•50 6.1 0.28 0.65 827 6.60 75.0 145 0.10 260 1.95 1.91
SO 5.75 0.33 1.24 679 2.39 80.6 145 0.09 303 1.17 2.96
150 5.15 0.87 3.91 428 2.84 92.7 141 0.05 438 0.52 5.21
250 5.0 0.62 2.08 432 3.22 85.5 136 0.32 470 0.62 5.23
350 4.S 0.57 3.47 360 3.65 89.9 138 0.04 538 0.37 6.02
450 4.5 0.56 5.24 261 4.49 110 162 0.05 633 0.39 9.33
550 4.2 0.46 6.29 23.1 7.55 134 191 0.02 743 0.58 18.1
650 4.1 0.87 6.73 5.75 9.19 147 204 0.03 812 0.36 23.1
700 3.S 0.81 6.45 2.87 9.80 142
U _ i _ —  * J _  1 ..1.9 —
19B 0.03 889 0.22 22.3
650 ....
v i e r r  n i M  M i n r
550 3.55 1.08 8.74 7.75 11.45 13B 193 0.05 967 0.31 24.5
450 3.95 0.96 7.74 152 11.58 131 187 0.03 990 0.23 15.8
350 4.1 0.92 6.51 311 10.81 114 168 0.05 953 0.64 9.98
250 4.4 0.37 5.89 433 8.44 112 167 0.08 957 0.93 11.1
150 4.5 0.38 7.40 505 8.67 111 169 0.09 960 0.97 10.3
50 4.6 0.83 6.19 583 7.69 92.4 140 0.08 756 1.27 7. 14
-SO 4.9 0.26 4.15 607 7.96 78.1 128 0.04 780 0.85 8.60





1.39 1.3B 508 6.09 89.6







-150 6.0 27.4 15.9 3505 35.0
blBH
245 0.39 139 10.1 184
-SO 6.1 13.7 4.91 3422 34.5 229 283 0.52 291 12.4 161
50 5.75 10.4 9.39 2978 37.2 270 310 0.44 180 7.90 97. 'i
ISO S. 15 7.64 16.5 2544 37.3 303 346 4003 250 4.78 195
250 5.0 3.95 23.6 2133 43.9 277 345 0.01 271 5.60 180
350 4.5 4.04 20.9 1928 40.8 284 338 4003 192 6.27 207
450 4.5 3.91 21.5 1736 44.4 269 334 0.03 294 4.81 262
550 4.2 3.47 20.5 1404 40.3 231 211 0.01 263 2.99 295
650 4.1 3.89 22.5 1354 40.5 241 297 0.08 335 3.43 457
700 3.5
Oiri<H**fl 7a
1.93 23.7 9.65 40.2 222
ml OAc Ext reel 4
276
» n i l  1 a
0.03 
tea k*—1 1. -
306 3.33 48 2
650
b I D I C (■8 *6 1
550 3.55 2.60 20.6 1025 47.7 242 300 ’Voos 353 3.93 488
450 3.95 2.54 28.4 1403 59.2 355 519 <.003 528 2.92 632
350 4.1 1.85 25.1 1566 54.2 317 389 0.07 554 3.49 495
250 4.4 5.77 22.4 1404 52.1 304 373 0.06 418 1.73 297
ISO 4.5 4.53 23.1 ■ 450 52.5 296 316 <.003 392 1 .50 2011
50 4.6 4.98 35.1 1578 51.3 349 440 4  003 510 4.34 288
-so 4.9 4.12 27.8 1557 48.3 321 389 4003 472 2.51 161
-150 5.6 2.26 20.3 1562 45.9 254 316 <.003 443 8.33 87.0
-200 6.1 2.87 14.4 2389 36.5 180 207 0. 14 246 3.93 4l>.4
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Appendix Table 6B* Average values of pH and water-soluble and extractable uetal Iona in R» soil
(stirred suspension) under particular redox potentials being controlled stepwise
frou reduced to oxidised conditions and vice versa.
Eh pH Cu Zn Fe Hn Ca Mg Ho Si P Al
(■V)
Noducctl tu Oxidised Water Soluble (ag kg"l)-
-2S0 6.7 0.31 0.21 152 2.21 215 194 0.133 166 1.33 2.53
-ISO 6.5 0.59 0.83 121 2.26 202 186 0.189 294 1. IB 5.07
-so 6.6 0.23 0.25 68.2 1.98 235 217 0.175 183 2.02 6.09
so 6.1 0.63 0.56 60.1 2.46 236 205 0.077 251 1.7 2.63
ISO 5.7 0.72 1.76 57.9 2.75 238 204 0.03 360 1.09 4.57
2SO 5.6 0.61 2.06 28.2 3.10 260 206 0.005 393 0.8 5.6B
350 5.3 0.73 0.51 6.99 2.85 255 210 0.006 472 0.51 6.12
450 5.0 0.69 0.86 6.89 2.96 263 214 <.003 536 0.69 5.20
550 4.9 0.23 1.23 6.89 3.38 268 219 0.002 659 0.82 7.23
650 6.7 0.75 1.03 4.05 4.09 293 232 0.011 727 0.72 7.09
TOO 6.5 0.33 2.32 2.76 4.60 256 206 0.02 856 0.76 12.6
Oxidised to Reduced .....-...................... -..... Water Soluble <■# kg'"*)
600 6.5 0.88 .... 3.75 .... 261 208 0.03 1165 0.87 30.2
550 6.5 0.52 2.16 6.82 5.66 575 619 0.06 1176 1.67 30.5
650 6.6 0.73 2.65 5.63 5.97 577 416 0.06 1099 1.29 2B.7
350 6.65 0.68 1.22 8.93 5.60 667 466 0.08 1224 1.66 35.8
250 6.85 0.23 2.09 33.9 5.17 707 510 0.13 1306 2.35 46.6
150 5.4 1.69 2.53 66.1 5.41 803 565 0.16 1259 3.63 47.0
SO 5.5 0.67 2.97 106 5.66 1015 666 0.24 995 5.31 33.9
-50 5.9 0.66 1.84 136 5.18 1098 692 0.28 774 5.27 16.1
(30 6.2 1.16 1.53 163 4.77 1209 760 0.41 654 6.49 11. 1
Reduced to Oxidised ....    NH40Ac Extractable (ag kg~*)
-250 6.7 14.0 13.0 3200 39. I 1357 *41 0.468 165 13.2 74.2
-150 6.5 7.46 13.3 2818 36.5 1417 887 0.379 186 13.6 56.9
-50 6.4 6.07 3.07 2650 36.9 1369 864 0.404 200 11 .3 82. b
50 6.1 9.13 5.21 2013 41. 1 1625 886 0.31B 138 9.06 57.2
ISO 5.7 2.48 15.3 1456 40.0 1307 808 <.003 166 3.46 36.1
250 5.6 0.85 26.2 1368 47.5 1726 1058 0.08 237 3.61 71.0
350 5.3 0.87 16.0 721 45.9 1376 853 <.003 186 3.40 65-3
450 5.0 0.98 12.2 399 45.7 1447 901 <003 200 2.79 80.1
550 4.9 0.70 19.6 620 65.2 1479 923 <.003 256 2.05 95.0
650 4.7 «005 16.1 353 44.0 1396 876 <.003 264 2.05 95.0
700 4.5 2  005 18.7 251 63.5 1415 882 <.003 279 <05 99.5
Oxidiiaii to Raducsd HH40Ac Extr■ctablc (■* k«“*) —
600 6.5 __ »«.— 235 1193 755 4003 273 405 72.6
550 6.5 1.43 23.3 229 65.8 925 552 <.003 288 < 0 5 68.3
450 4.6 --- 28.6 222 63.9 1139 6B7 <.003 375 0.24 106
350 6.65 1.78 27.1 468 55.1 1894 1101 <•003 592 0.30 123
250 4.85 5.66 16.5 596 53.9 1221 695 <•003 465 < 0 5 58.6
150 5.4 5.16 29.0 1224 56.8 950 516 4003 627 < 0 5 45.0
50 5.5 7.80 28.1 1575 56.4 850 615 <.003 499 < .0 5 62.2
-50 5.9 2.79 29.9 2008 47.5 655 308 <.003 471 0.63 30.7
-150 6.2 1.89 18.6 2255 37.6 586 265 <.003 385 7.26 21.8
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Appendix Table 6C. Average value* of pH and v*ter-*olublc and extractable natal ion* in H* (oil
((birred auapeniion) under particular redox potential* being controlled (tepwite
free reduced to oxidixed condition* and vice vera*.
Eh
(-V)
PH Cu Zn Fe tin Ca Mg Ho Si P Al
Reduced fn Ua... e.lakl. i a. k.-l, _____
“250 7.0 0.664 0.01 97.6 14.6
- at-* av.aa.t —*
72.8 67.8
/
0.033 305 1.36 19.3
-150 6.9 0.692 0.56 120 17.0 84.9 65.1 0.084 365 3. 16 ■>l .9
-SO 6.7 0.598 0.54 72. 1 11.5 63.0 63.0 0.123 226 2.64 60. *
>0 6.4 0.414 0.65 76.1 18.9 112 61.3 0.067 306 2.05 31.0
150 6.2 1.95 1.79 60.0 20.9 162 69.6 0.04 371 1.49 38. J
250 6.0 0.71 1.39 41.6 19.8 92.4 55.3 0.03 405 0.75 37.7
350 5.3 0.87 1.79 30.5 21.9 98.5 57.6 0.03 727 0.66 40.5
450 6.8 0.67 1.45 19.6 22.5 101 58.7 0.06 1048 1.01 56.9
550 4.6 0.68 2.16 21.8 23.2 107 60.9 0.08 1774 1.51 98.7
650 6.5 1.05 2.12 20.9 23.3 108 59.8 0.09 1896 1.45 110
700 4.A 
Oxidised eb Reduced
0.61 2.79 22.7 23.8 115 62.6








0.14 2946 1.76 120
550 4.6 0.65 1.58 26.3 27.6 129 69.3 0.17 3346 1.96 196
650 4.6 1.08 2.37 45.5 38.5 182 93.8 0.21 3768 2.21 237
350 4.5 0.89 1.88 66.8 60.1 185 97.8 0.24 4161 2.35 267
250 4.9 1.31 1.70 161 65.6 210 110 0.29 4682 2.47 320
150 5.2 1.62 4.6B 274 57.0 261 136 0.38 5388 4.87 614
50 5.9 1.10 3.06 332 52.9 267 126 0.66 6022 5.59 490
-50 6.2 1.16 1.66 265 38.4 193 97 0.51 6771 6.33 557





2.75 2.01 2C5 38.4 256 155
Ull ft Ait r<i* e*d*ek1 e
0.56 6268 9.49 561
-250 7.0 9.13 6.56 7495 447
ing Kf *1
2025 1062 0.98 290 20.0 163
-150 6.9 3.63 1.08 6700 613 1830 985 0.412 183 16.8 100
-50 6.7 6.06 3. 15 5351 424 1971 1021 0.918 250 17.5 152
50 6.4 4.12 11.1 4036 418 1985 1012 0.632 156 12.5 138
ISO 6.2 2.95 16.1 2188 423 1980 997 0.05 196 6.28 88.8
250 6.0 1.59 16.8 1836 520 2423 1224 0.08 255 6.87 86.3
350 5.3 1.92 23.2 1114 693 2290 1163 0.01 256 2.80 67.2
650 4.8 2.66 17.7 611 506 2378 1211 <.003 271 2.61 92.4
550 4.6 0.96 18.9 307 500 2063 1195 4  00 3 300 3.07 90.3
650 4.5 1.85 26.4 318 508 2556 1304 <.003 343 1.25 139
700 4.4
Oeldjwrf Eft Reduced
1.35 24.3 207 699 2377 1217




650 4.4 3.07 ' 26.6 159 461
— -‘-a— tag eg ' 
2145 1114 <*003 407 0.75 103
550 4.6 2.80 24.5 165 478 2220 1156 <•003 437 0.65 IO’i
450 4.4 5.01 23.0 241 492 2282 1193 6003 471 1.57 110
350 4.5 6.61 32.4 858 539 2927 1512 <-003 488 0.712 153
250 4.9 6.69 19.7 1220 518 2379 1235 <.003 530 1.01 61.4
150 5-2 6.11 28.5 2162 531 2465 1268 <.003 639 4.99 53.4
50 5.9 6.61 29.7 3148 591 2768 1410 0.28 906 10.5 81.9
-50 6.2 3.26 33.4 4113 485 2290 1148 0.39 904 16.8 102
-150 6.5 2.68 23.5 6173 451 2662 1334 0.60 1191 26.2 137
-170 6.8 3.48 21.6 6519 441 2047 1010 0.54 1579 31.7 157
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Appendix Table 6D. Average values of pH and water-*oluble and extractabla aatil Iona in Bk soil
(acirrad suspension) under particular radea potentials bolag coatroilad stepwise
froa reduced to oxidised conditions and vice vena.
Eh
C»V)
PH Cu Za Fa Ha C« Mg Ho 51 F Al
Reduced to Oxidised I)______
-270 7.6 0.67 2.14 91.3 2.51 87.0 91.0 0.252 331 5.18 33.0
-ISO 7.1 0.51 0.96 241 4.68 82.7 137 0.46 280 7.88 27.0
-SO 6.9 0.32 1.32 94.0 3.62 68.6 124 1.15 . 218 2.21 13.5
-so 6.3 0.42 2.26 59.6 3.98 72.3 138 0.02 205 0.89 5.93
130 3.7 0.74 1.17 19.7 4.43 77.6 143 0.04 299 0.69 6.00
2S0 5.5 0.26 0.77 18.5 4.07 72.6 139 0.04 337 0.66 6.80
330 3.6 0.54 1.32 18.0 4.22 78.4 132 0.03 480 1.21 12.9
450 3.3 0.45 0.67 14.9 6.34 80.0 131 0.01 322 0.65 13.6
sso 5.2 0.34 1.77 18.8 4.36 79.4 130 0.04 607 0.87 16.2
600 S.2 0.45 1.16 20.2 4.59 83.9 153 0.02 630 0.93 19.6
700 5.1 0.66 0.75 20.3 6.32 lit 189 0.05 758 2.07 38.0
Oxidlztlt Ca Raducad 1)___
650 3.1 0.40 2.54 21.0 5.7 100 172 0.04 665 2.01 31.5
sso 5.1 0.62 1.96 43.0 7.33 123 203 0.05 969 1.63 62.3
430 5.2 0.92 2.25 73.1 11.6 185 279 0.07 1055 3.15 60.2
350 5.4 — — «... - - - - 1••1111•••1■ . . — .... ....
250 5.7 0.62 2.26 89.6 10.6 171 247 0.11 1029 3.27 73.9
ISO 5.9 1.07 1.46 99.5 12.4 109 176 0.18 1041 2.61 72.4
30 6.0 1.33 6.70 121 16.1 218 292 0.18 1161 5.86 104
-30 6.4 1.74 4.99 273 13.1 234 925 0.27 1157 7.44 111
-ISO 7.2 2.21 2.71 170 4.19 107 210 2.24 1075 17.6 61.8
•260 7.3 2.60 1.67 63.3 2.85 82.6 106 1.3 560 23.9 53.3
Reduced to Oxidized _______ •••••■«•« NU .flip Pur aPzhl m /_
-270 7.4 3.11 7.61 4865 74.8 1220 1652 0.675 174 31.9 62.3
-ISO 7.1 1.27 12.2 4597 86.0 1353 1756 0.39 192 29.2 56.1
-50 6.9 0.90 14.3 5348 90.0 1585 2064 0.43 225 29.8 62.3
50 6.3 1.29 30.5 2930 93.8 1520 1962 0.48 200 11.1 r, i. 7
I'.n I. J 1. 77 Zri. 11 211.'. hi>.'i u:r. i i ' i h II. 1 1 l'i I •I. 'l'i i
26U 3.5 0.83 10.9 946 86.8 1420 1861 0.01 188 6.49 50.3
350 3.4 .... 23.4 SSO 87.4 1445 19091 <.003 173 3.12 40.4
450 3.3 0.11 16.4 528 90.1 1612 2113 <.003 225 6.13 31-1
550 5.2 0.21 24.6 427 89.8 1350 1786 0.05 202 6.78 63.8
600 5.2 <.005 16.7 387 69.3 1695 1959 0.07 214 . 3.66 62.8
700 5.1 <.005 23.3 299 90.0 1576 2073 <■003 214 4.15 33.6
OviHivad fa fc.-l\ ...
6S0 3.1 1.66 19.6 200 90.2 1232 1675
*• J 
<.003 200 1.78 28.1
S50 5.1 1.27 16.6 212 91.7 1515 2013 <003 262 1.94 28.3
6S0 5.2 3.55 22.8 233 95.3 1576 2075 <.003 273 5.36 60.4
330 3.4 3.04 19.5 740 106 1679 2193 <003 330 5.17 50.6
2S0 3.7 3.24 19.3 800 105 1674 2195 <003 376 4.19 41.2
150 5.9 2.96 19.6 1041 107 1687 2192 <003 380 4.66 41.5
30 6.0 3.6 31.2 1100 97.4 1617 2109 <003 286 8.48 35.1
-50 6.4 3.66 30.0 1226 86.8 1414 1827 <.003 308 15.6 24.0
-130 7.2 2.7 28.0 4055 88.1 1417 1863 0.19 330 39.3 30.7
•260 7.3 1.16 16.0 3001 86.3 1072 1367 0.19 241 36.5 16.9
Appendix Tjble 6 £ . Average value! of pH and watar-aeluble and extractabla natal iona in B| aoil
(atirrad auapeniion) under particular redex potential! being controlled itepviae
freei reduced to oxidized conditiona and vice veraa.
Efa
(nV)
pH Cu 2n Fe Hn Ca Mg Ho Si P Al
Rflduccd to Oxidized Uainn Cnlukln - L.-l \
•150 6.1 0.60 0.00 5810 140 601 1702
zg )-------
0.7 302 21.7 12.8
-50 6.0 0.50 0.50 4732 136 576 1441 0.8 206 16.6 12.4
50 5.9 0.50 0.30 3999 126 571 1663 0.90 176 15.0 14.7
150 5.4 0.70 4.70 5728 146 616 1248 0.60 4:ii 14.6 I I. II
250 5.0 n . nn 9.80 5864 165 676 UK) (1.70 49 1 r:>. / i:>.’i
J50 4.3 1.00 25.1 10599 199 816 1410 1.00 1093 16.0 41.2
450 3.7 0.70 32.4 12962 213 696 1443 1.30 1396 15.0 210
550 3.3 2.70 39.4 10120 242 1029 1607 1.40 1693 15.5 526
650 2.3 9.10 43.9 3310 241 1011 1542 0.90 2103 14.5 761
750 2.2 17.1 40.6 3655 276 1066 1564 1.20 2313 15.6 1138
850 2.0
QicidiisH f_A
24.3 47.2 3461 274 1036






3279 IS. 1 1259




1.27 296B 15.1 1386
£50 2.3 11.5 59.0 3505 280 1058 1592 1.38 3053 17.4 1443
SSO 2.6 6.29 46.9 8084 271 997 1545 1.64 3503 34.! 1321
450 2.8 5.01 51.9 14313 284 1042 1590 2.06 4278 SI .2 1184
350 3.0 1.51 45.7 14480 276 1013 1542 2.23 3253 48.0 820
250 3.6 0.94 42.8 15869 279 101B 1557 2.32 2640 47.1 604
150 3.8 1.34 52.2 25685 280 1017 1513 2.43 2739 47.0 346





2.08 15.6 24310 324 1181 
llU^Qip T»f nna
1667 2.52 1127 55.8 56.7
-150 6.1 .... 5.98 8105 136 602 1158
1 (!| xg }
0.98 169 63.1 97.7
-50 6.0 4.56 2.16 8286 140 625 1156 1.02 211 68.1 64. a
so 5.9 4.66 12.5 9130 148 658 1226 1.01 161 46.3 60.5
150 5.4 2.15 27.7 6583 157 694 1301 0.5 211 22.3 5 3 -
250 5.0 0.65 28.5 6276 160 729 1398 0.55 230 16.8 73.3
350 4.3 0.99 30.1 4861 117 552 1105 0.29 220 13.3 124
450 3.7 0.81 16.2 4389 89.9 428 BBS 0.38 233 14.0 201
550 3.3 1.09 34.8 4913 94.6 446 950 0.46 295 14.9 2BB
650 2.4 0.55 34.5 2224 75..5 346 765 0.14 237 11.9 332
750 2.2 1.09 19.3 2268 83., 1 328 763 0.30 292 10.0 347
850 2.0 
Oxidized te Reduced







750 2.2 3.76 28.6 2375 98.5 403 909 0.18 400 7.24 587
650 2.3 2.76 30.0 2054 95.7 395 875 0.06 384 7.79 555
530 2.6 6.82 21.0 2161 90.4 377 832 0.17 370 7.85 543
450 2.8 10.1 19.5 2115 114 478 1029 0.65 560 21.6 660
350 3.0 9.92 36.8 4309 136 561 1190 0.01 449 33.5 821
250 3.6 5.23 33.8 7763 132 542 1144 0.85 618 37.5 776
ISO 3.8 4.60 37.0 9175 136 546 1155 1.09 784 41.0 60S
SO 3.9 3.35 27.4 6629 99.8 410 845 0.80 559 41.5 410
-25 4.7 2.84 23.5 11320 150 618 1189 1.10 587 69.9 245
384
(A)
• IB 177461 117 94.i
400
7IJ 43B 344 271 120
100






•12 920 221 177 131
400
912 249 141 77.i
100










Appx. Fig. 7 A-C. Effects of redox potential and pH on exchangeable
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Fig. 7 D-F. Effects of redox potential and pH on water-soluble
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Appx. Fig. 7 G-I. Effects of redox potential and pH on water-soluble
P (mg kg-1) in (G) Rs, (H) Ma» and (I) Bg.
Appendix Table7 A. Water-soluble constituents under different pH/Eh regines in stirred suspensions of Rangsit Very Acid soil.
Observstion Eb pH Fe Hn Al Si P Zn Ca Mg Mo Cu Cd Pb Cr Hi As
(■V) ■*--------------------------------------------------------------  kg"1)!-------------------------------------------- -------------- -
1 600 3.5 22.3 28.0 128 489 2.91 11.6 216 274 0.120 0.783 0.500 0.659 0.075 1.15 1.39
2 600 4.0 3-52 15.9 17.0 384 0.957 9.51 121 156 0.021 0.512 0.012 0.083 0.059 0.461 0.381
3 600 4.5 2.87 7.34 5.89 265 0.735 2.84 41.7 56.0 0.446 0.514 0.012 0.822 0.242 0.298 0.109
4 600 5.0 2.63 3.81 3.85 183 0.968 2.47 30.5 36.0 0.000 0.438 0.015 0.000 0.041 0.039 0.037
S 600 5.5 2.42 2.40 3.97 142 0.703 1.50 24.1 29.0 0.004 0.428 0.080 0.004 0.047 0.091 0.018
6 600 6.0 2.26 1.32 19-3 111 0.280 1.31 18.3 25.0 0.021 0.718 0.011 0.054 0.040 0.099 0.243
7 600 6.5 2.31 1.08 38.3 113 0.978 1.62 19.6 25.0 0.034 0.516 0.009 0.037 0.045 0.192 0.388
8 400 3.5 2378 29.0 79.3 1015 5.31 15.5 256 283 0.455 0.550 0.285 2.08 .347 2.96 2.78
9 400 4.0 1028 18.1 18.7 786 2.59 8.85 152 200 0.152 0.646 0.131 0.847 0.102 1.08 1.08
10 400 4.5 382 9.53 5.86 451 1.59 5.00 73.0 96.0 0.133 0.448 0.100 0.832 0.110 0.75 0.325
11 400 5.0 38.2 2.78 2.57 328 0.728 2.62 26.8 33.0 0.007 0.390 0.015 0.000 0.047 0.245 0.044
12 400 5.5 4.15 1.59 5.83 255 1.14 2.07 11.0 14.0 0.009 0.492 0.072 0.300 0.045 0.127 0.095
13 400 6.0 8.80 1.13 21.0 268 0.682 2.52 24.2 35.5 0.031 0.627 0.014 0.063 0.031 0.093 0.228
14 400 6.5 7.02 0.961 34.1 322 1.10 1.93 22.8 30.5 0.033 0.474 0.012 0.044 0.061 0.110 0.333
15 250 3.5 2665 32.0 50.1 1725 8.51 19.0 192 232 0.421 0.403 0.319 2.28 0.558 11.5 2.41
16 250 4.0 1174 15.8 24.4 1425 3.37 8.10 105 144 0.193 0.573 0.149 1.08 0.201 3.40 1.61
17 250 4.5 623 9.87 28.1 1201 2.86 4.20 69.0 96.5 0.133 0.463 0.082 0.597 0.150 1.23 0.554
IB 250 5.0 86.7 2.71 35.0 921 1.23 2.70 22.3 30.0 0.035 0.389 0.015 0.124 0.169 0.125 0.369
19 250 5.5 62.3 1.48 25.7 521 1.02 1.00 13.8 12.0 0.040 0.484 0.016 0.391 0.044 0.148 0.528
20 250 6.0 56.2 1.02 44.1 451 0.630 1.99 13.4 12.0 0.044 0.541 0.009 0.057 0.065 0.074 0.398
21 250 6.5 32.5 1.81 73.5 473 1.54 0.851 17.1 16.0 0.094 0.593 0.003 0.190 0.105 0.103 0.708
22 100 4.0 3349 28.3 40.0 1681 7.23 14.8 182 241 0.482 0.569 0.326 2.32 0.803 11.3 3.14
23 100 4.5 1860 18.4 50.5 1569 4.95 7.21 159 201 0.297 0.712 0.253 1.56 0.272 2.87 1.60
24 too 5.0 1355 14.2 12.2 1240 4.38 2.71 108 155 0.172 0.409 0.139 0.843 0.171 1.01 1.07
25 100 5.5 363 5.27 57.9 1026 1.92 1.52 56.5 81.0 0.071 0.470 0.034 0.417 0.106 0.279 0.597
26 100 6.0 354 3.61 36.8 598 1.58 1.11 43.6 63.0 0.066 0.516 0.042 0.375 0.039 0.221 0.635
27 IOC .5 77.8 1.92 82.2 549 1.20 1.73 19.9 25.0 0.107 0.634 0.000 2.294 0.081 0.074 0.832
28 -100 4.5 2882 17.6 8.49 1689 7.36 5.10 157 202 0.424 0.906 0.326 2.07 0.399 2.56 2.62
29 -100 5.0 838 7.9 58.6 1623 3.49 2.82 70.0 105 0.187 0.314 0.083 0.983 0.474 0.556 1.56
30 -100 5.5 505 3.48 25.2 1495 2.24 1.69 57.2 64.0 0.151 0.357 0.051 0.658 0.619 0.284 1.23
31 -100 6.0 301 3.27 38.2 1138 2.74 0.790 28.0 35.5 0.155 0.495 0.024 0.481 0.181 0.231 0.684
32 -100 6.5 156 1.95 45.4 869 2.70 0.910 18.7 16.5 0.182 0.653 0.028 0.680 0.103 0.131 1.31
387
Appendix Table 7 B. Vater-soluble cooitituente under different pH/Eb regiaies in ctirred suspensions af Rangsit soil.
Ob* Eh
(•V)
pH Fe Mn Al Si Ca »8 Hok.-1)
Cu Zn Cd Pb Cr Hi
1 550 3.5 77.9 17.6 48.1 902 1.77 743 467 0.095 0.159 7.95 0.049 0.576 0.236 2.78 1.01
2 550 4.0 9.12 9.46 8.30 647 1.23 397 283 0.047 0.199 7.65 0.028 0.269 0.073 0.740 0.313
3 550 4.5 2.81 4.76 2.67 457 1.01 207 158 0.020 0.159 3.52 0.022 0.360 0.031 0.183 0.242
4 550 5.0 1.99 3.90 3.78 512 0.713 170 134 0.037 0.702 1.39 0.023 0.300 0.034 0.255 0.082
5 550 5.5 1.69 2.02 3.17 467 0.727 97.7 82.7 0.039 0.5S1 1.08 0.023 0.291 0.043 0.137 0.157
6 550 6.0 2.41 1.10 9.42 405 0.952 61.5 55.0 0.016 0.463 0.754 0.002 0.106 0.016 0.092 0.143
7 550 6.5 3.35 0.748 18.6 377 0.866 47.5 43.1 0.059 0.659 0.904 0.018 0.304 0.037 0.181 0.350
8 550 7.0 5.28 1.06 41.4 440 1.27 61.9 48.2 0.162 0.549 0.697 0.015 0.357 0.067 0.397 0.602
9 400 3.5 913 22.6 12.8 1027 4.50 961 567 0.274 0.343 18.9 0.146 1.19 0.301 4.14 2.43
10 400 4.0 407 15.8 29.4 784 2.76 684 441 0.134 0.162 7.17 0.083 0.720 0.119 1.97 0.842
11 400 4.5 78.9 8.23 6.74 531 1.51 3S6 261 0.050 0.197 3.46 0.035 0.459 0.013 0.680 0.282
12 400 5.0 43.5 7.51 4.48 408 1.33 330 252 0.047 0.699 3.00 0.035 0.290 0.777 0.677 0.207
13 400 5.5 8.28 5.94 3.87 386 1.17 277 234 0.052 0.550 2.58 0.028 0.370 0.078 0.378 0.226
14 400 6.0 2.61 3.34 3.67 284 0.918 200 181 0.034 0.506 1.26 0.011 0.169 0.037 0.168 0.202
15 400 6.5 3.29 1.42 10.9 233 1.11 119 123 0.066 0.622 1.20 0.013 0.286 0.050 0.260 0.335
16 400 7.0 7.73 1.09 41.1 346 1.79 111 110 0.281 0.608 0.664 0.020 0.465 0.072 0.416 0.740
17 100 3.5 1489 29.5 6.68 1264 8.12 896 638 0.285 0.564 7.88 0.110 1.51 0.201 5.22 2.86
18 100 4.0 755 19.8 5.04 987 5.15 639 490 0.181 1.14 6.36 0.100 0.893 0.105 2.85 1.59
19 100 4.5 432 13.9 4.44 746 3.76 470 373 0.093 0.698 3.41 0.041 0.456 0.100 1.35 0.078
20 100 5.0 282 10.7 4.02 610 2.85 378 325 0.074 0.419 2.89 0.046 0.460 0.069 0.855 0.612
21 100 5.5 86.0 6.15 5.73 454 1.68 233 216 0.045 0.435 7.64 0.010 0.306 0.052 0.437 0.350
22 100 6.0 18.0 2.64 13.3 328 1.29 115 111 0.000 0.400 2.34 0.000 0.000 0.033 0.136 0.863
23 100 6.5 10.9 1.74 12.6 169 1.78 79.7 64.8 0.012 0.292 3.54 0.006 0.089 0.009 0.199 0.445
24 100 7.0 9.72 0.905 24.6 185 1.62 50.3 43.0 0.109 0.702 2.27 0.000 0.024 0.036 0.209 0.731
25 -50 4.5 3126 22.3 13.6 1080 8.73 903 670 0.396 0.440 7.74 0.216 1.95 0.367 4.12 2.66
26 -50 5.0 1742 16.4 6.81 745 5.56 612 445 0.306 0.493 7.72 0.162 1.56 0.260 2.24 2.10
27 -50 5.5 507 7.30 4.01 483 2.19 305 247 0.102 0.325 3.14 0.055 0.568 0.100 0.584 0.798
28 -50 6.0 147 3.08 6.08 358 1.25 136 116 0.029 0.353 2.41 0.007 0.000 0.067 0.359 0.547
29 -50 6.5 71.4 2.07 13-6 210 1.05 74.3 58.0 0.017 0.350 1.93 0.013 0.122 0.009 0.212 0.522
30 -50 7.0 41.6 1.02 28.1 232 0.942 47.1 34.1 0.125 0.364 0.840 0.000 0.103 0.050 0.219 0.519
1
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Appendix Table 7C. Water-soluble constituents under different pH/Eb refines in stirred suspensions of Mahaphot soil.
Observation Eh pH Fe Ha Al Si P Ca H| Ho Cu Zn Cd Pb Cr Hi As
(nV) --- ----- C k g - l ,  .
1 S50 3.5 8.44 173 19.5 442 1.41 807 414 0.054 0.526 7.56 0.057 0.194 0.12S 3.74 0.647
2 SSO 4.0 6.33 119 8.90 336 1.53 555 299 0.048 0.174 S.IS 0.039 0.328 0.060 1.72 0.366
3 5S0 4.5 3.19 71.5 3.07 239 1.08 329 190 0.027 0.197 1.90 0.026 0.253 0.027 0.667 0.285
« 550 5.0 2.33 73.5 3.86 203 1.12 347 205 0.040 0.542 2.21 0.046 0.295 0.034 1.17 0.238
S 550 5.5 2.27 65.7 4.39 172 1.05 324 195 0.051 0.625 2.90 0.035 0.291 0.060 0.747 0.194
6 550 6.0 1.84 43.3 3.33 113 0.886 242 156 0.013 0.371 1.07 0.016 0.093 0.016 0.397 0.126
7 550 6.5 2.11 26.0 3.95 98.4 1.02 189 127 0.016 0.S61 0.987 0.009 0.162 0.000 0.258 0.166
8 550 7.0 1.32 11.2 5.59 115 0.996 152 102 0.023 0.449 0.565 0.009 0.000 0.016 0.252 0.175
9 400 3.5 1301 248 73.6 1098 5.10 1192 543 0.310 0.886 17.7 0.234 1.85 0.455 7.28 2.14
10 400 4.0 621 188 18.1 841 3.40 893 437 0.163 0.219 10.6 0.143 0.952 0.173 3.80 0.858
11 400 4.5 103 117 5.01 591 1.71 547 296 0.061 0.159 7.18 0.074 0.507 0.059 1.54 0.372
12 400 5.0 45.8 113 5.13 445 1.70 575 313 0.079 0.856 6.40 0.079 0.534 0.010 2.61 0.281
13 400 5.5 8.76 109 4.37 423 1.72 523 306 0.091 0.889 4.83 0.011 0.704 0.060 1.80 0.315
14 400 6.0 2.39 82.0 3.98 323 1.40 425 260 0.041 0.476 2.49 0.028 0.324 0.037 0.817 0.217
IS 400 6.5 2.72 52.2 4.41 254 1.34 351 227 0.032 0.513 1.39 0.022 0.254 0.038 0.439 0.274
16 400 7.0 4.48 27.8 16.0 300 1.66 318 205 0.070 0.597 1.49 0.029 0.427 0.046 0.748 0.378
17 100 4.0 2293 236 9.10 1157 5.75 1042 590 0.354 0.640 13.3 0.241 2.12 0.257 7.21 1.53
18 100 4.5 1194 154 5.13 859 3.63 760 448 0.198 0.633 7.08 0.136 1.26 0.139 3.80 0.892
19 100 5.0 465 114 4.25 596 2.50 509 301 0.127 0.496 6.11 0.096 0.822 0.099 1.87 0.573
20 ' too 5.5 209 84.6 3.68 450 1.67 343 203 0.060 0.534 3.86 0.042 0.351 0.060 0.882 0.240
21 100 6.0 3.21 12.1 1.88 130 0.461 63..9 38.3 0.000 0.252 4.88 0.017 0.082 0.000 0.104 0.184
22 100 6.5 2.03 8.39 3.32 132 0.515 49..3 30.1 0.000 0.150 0.816 0.000 0.028 0.000 0.120 0.162
23 100 7.0 3.89 9.90 13.9 130 0.287 60..7 36.6 0.000 0.199 1.07 0.000 0.000 0.038 0.085 0.363
2« -50 4.5 6928 355 10.0 573 14.2 1647 860 0.810 0.795 17.8 0.460 3.75 0.731 15.8 4.32
25 -50 5.0 1402 170 4.73 293 4.29 783 414 0.242 0.512 3.90 0.151 1.13 0.159 2.82 1.08
26 -50 5.5 673 114 2.70 225 2.40 553 302 0.103 0.231 2.73 0.074 0.466 0.106 1.12 0.793
27 -50 6.0 170 56.1 3-40 146 1.48 292 174 0.036 0.183 0.585 0.026 0.253 0.045 0.404 0.249
28 -50 6.5 18.5 9.37 5.07 69.0 1.14 56..7 32.2 0.000 0.468 2.43 0.022 0.000 0.014 0.174 0.253
29 -50 7.0 8.13 6.28 8.35 77.9 0.449 43..5 25.2 0.000 0.226 0.94] 0.002 0.098 0.000 0.142 0.249
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Appendix Table 70. Vater-aoluble conatltuenta under different pH/Eh reginea in atirred suapenalona of the pre-oxidized Bang Pafcong aoil.
Obaervatlon Eh pH Fe Mn Al Si P Zn Ca Mg Ho Cu Cd Pb Cr Ni Aa
(■V) * ------------------------------------------------------------  f t  kg-1)  i
1 400 2.0 19878 252 2138 1504 162 53.3 879 1296 3.49 9.77 1.80 17.4 6.57 16.2 29.8
2 400 2.5 16311 218 1213 1175 97.7 43.6 896 1311 2.76 4.91 1.57 12.8 4.31 15.0 20.8
3 400 3.0 12383 213 700 773 38.0 45.0 887 1306 1.87 1.05 1.19 8.28 1.86 12.2 12.9
4 400 3.S 10883 226 222 603 30.1 41.6 921 2247 1.36 1.12 0.747 6.59 0.693 10.5 9.93
5 400 4.0 7974 214 78.5 583 22.1 38.5 891 2267 0.975 1.10 0.610 5.60 0.580 10.4 6.97
6 400 4.5 2753 213 38.0 560 12.5 35.5 888 2290 0.548 0.968 0.401 3.00 0.479 10.9 3.67
1 400 5.0 78.4 142 6.91 309 5.23 15.2 616 1282 0.229 0.846 0.159 0.827 0.136 2.37 0.781
S 400 5.5 62.8 123 6.53 271 5.46 8.83 566 1281 0.217 0.772 0.153 0.682 0.126 1.45 0.857
9 ■ 400 6.0 B.59 103 8.38 233 5.22 4.15 523 1283 0.216 0.676 0.129 0.690 0.122 0.921 0.800
10 100 3.0 21580 267 718 2060 96.6 29.8 1101 2957 3.20 1.20 1.47 14.2 4.16 25.9 19.6
u 100 3.5 19633 252 237 1429 62.9 38.2 1039 2561 2.54 1.15 1.35 10.9 2.50 18.9 14.2
12 100 4.0 19580 234 93.4 1124 44.4 22.5 960 2330 2.02 0.984 1.10 8.21 1.64 14.7 11.2
13 100 4.5 11739 220 44.9 890 32.7 17.7 902 2303 1.70 0.987 1.02 7.61 1.36 10.8 8.20
14 100 5.0 10390 174 24.3 432 23.2 9.24 707 1214 1.24 0.716 0.970 5.61 0.731 6.59 5.86
IS 100 5.5 8786 163 15.9 308 20.9 8.15 662 1169 1.16 0.543 0.910 5.41 0.607 5.14 5.60
16 100 6.0 7340 150 12.3 205 17.6 3.12 621 1145 1.05 0.252 0.732 4.27 0.518 3.51 4.32
17 100 6.5 392 67.0 8.38 107 5.83 1.15 339 884 0.200 0.249 0.107 0.542 0.147 0.655 1.07
18 100 7.0 147 34.9 16.3 124 5.87 1.73 268 1075 0.166 0.231 0.101 0.000 0.083 0.748 0.868
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Appendix Table? E. KH^OAe extraetable constituent! under different pH/Eb repines in stirred suspensions of Rangsit Very Acid soil.
Observation Eh pH Fe Mn Al Si P Zn Ca Mg Ho Cu Cd Pb Cr Hi As
CnV) * ------------------------------------------------------------- (ag kg-Ij -------------------------------------------------------------
] 600 3.5 1360 33.6 2057 23B 10.2 42.5 295 327 1.29 14.4 0.141 2.95 2.03 38.5
2 600 4.0 705 54.8 1865 215 6.30 60.4 448 560 1.31 34.5 0.202 0.460 2.56 1.83 37.8
3 600 4.5 436 71.7 1439 216 8.95 57.0 536 735 1.50 12.0 0.634 0.000 1.90 2.81 37.6
4 600 5.0 410 75.2 1115 259 3.13 76.0 617 802 0.709 13.0 0.201 0.000 1.59 1.89 35-9
5 600 5.5 406 79.0 902 325 1.17 46.9 653 847 0.194 11.2 0.305 0.000 2.02 2.00 32.0
6 600 6.0 329 77.5 666 414 3.88 55.2 650 835 0.354 19.9 0.569 0.000 1.64 1.74 2B.7
7 600 6.5 318 74.3 621 595 3.00 63.0 673 82B 0.264 4.80 0.303 0.142 3.00 1.75 24.4
8 400 3.5 2914 36.4 1457 336 5.18 43.3 272 293 1.41 23.2 0.000 0.687 4.12 2.70 37.9
9 400 4.0 2504 52.9 1289 348 10.3 54.4 402 461 0.882 9.57 0.371 2.15 2.27 3.17 35.4
10 400 4.5 1822 64.6 908 333 9.91 56.2 492 543 1.86 9.05 0.573 0.1 3.62 5-05 38.9
11 400 5.0 1653 80.6 679 365 8.37 84.9 630 748 0.736 7.85 D.000 0.0.00 2.52 4.25 32.7
12 400 5.5 868 81.6 493 433 1.69 57.7 660 790 0.277 7.29 0.021 o.doo 2.55 3.79 30.8
13 400 6.0 670 81.1 398 511 2.78 61.8 691 806 0.256 15.5 0.237 0.000 3.57 3.46 30.7
14 400 6.5 813 81.4 409 753 3.93 70.4 714 825 0.495 4.66 0.232 1.31 5.00 3.94 31.7
15 250 3-5 5065 42.9 459 789 9.92 39.3 416 436 1.11 4.77 0.409 1.16 21.9 27.4 35.6
16 250 4.0 5445 65.1 323 673 8.17 54.2 513 592 0.420 16.6 0.949 0.000 8.62 IB.5 28.1
17 250 4.5 5350 73.4 250 590 8.B6 49.4 556 638 0.437 5.95 0.064 0.000 4.24 15.6 28.8
18 250 5.0 3166 79.5 218 418 5.35 44.8 616 807 0.620 6.97 0.062 0.000 3.10 4.15 26.2
19 250 5.5 2609 77.1 376 562 6.55 34.1 618 812 0.528 7.63 0.485 0.869 1.78 2.59 27.2
20 250 6.0 1378 80.3 232 414 3.63 36.3 602 832 0.192 17.5 0.000 0.000 1.25 0.393 27.1
21 250 6.5 535 77.6 184 446 2.25 25.4 591 825 0.581 7.72 0.000 0.000 1.24 0.170 26.9
22 100 4.0 6241 56.3 294 894 14.8 58.9 444 430 0.754 9.65 0.704 0.215 9.27 16.8 28.2
23 too 4.5 6051 61.4 136 792 14.8 42.8 497 530 0.423 4.05 0.113 0.000 4.65 10.2 25.5
24 100 5.0 5603 67.1 90.3 499 13.6 25.2 509 578 0.651 4.46 0.322 0.000 2.65 5.17 26.1
25 100 5.5 5261 77.6 77.8 469 8.14 41.1 614 719 0.827 4.42 0.359 1.24 1.72 4.58 26.1
26 100 6.0 6721 78.4 217 60S 14.9 51.2 634 740 1.04 11.1 0.694 2.32 1.43 3.08 28.5
27 100 6.5 7047 78.0 138 494 5.65 41.6 615 784 0.585 11.9 0.224 0.000 1.65 1.58 25.1
28 -100 4.5 8755 66.6 122 788 19.5 35.7 471 486 0.774 3.74 0.295 0.000 4.54 8.08 28.1
29 -100 5.0 8850 78.4 80.0 641 20.1 38.8 556 658 0.768 3.64 0.546 0.000 3.07 3.32 26.4
30 •100 5.5 8428 82.1 78.7 475 16.9 22.5 559 707 1.14 5.19 0.359 0.000 3.03 2.86 2B.6
31 -100 6.0 8137 82.9 76.3 541 13.0 30.7 593 767 1.18 10.4 0.449 1.87 3.27 1.73 28.7
32 -100 6.1 8322 85.0 156 732 11.3 35.9 631 797 1.07 7.28 0.743 0.741 2.15 2.04 3.0'
391
Appendix Table 7 F. HH40Ac extraetable conatltuenta under different pH/Eh replace in atirred auapenaiona of Rangait toil.
ObiervatioD Eh pH Fe Mn Al Si P Ca Hg Ho Cu Zn Cd Pb Cr Hi Aa
(■V) ----- ----- ,<_ kg-1) ----------
1 550 3.5 12S 16.5 615 135 3.50 819 489 0.229 0.864 24.2 0.000 0.000 1.88 2.57 15.4
2 550 4.0 97.5 24.9 481 99.5 4.01 1232 756 0.374 0.040 24.3 0.000 0.996 0.571 1.90 18.4
3 550 4.5 85.5 28.1 368 96.3 3.61 1397 886 0.389 0.210 16.0 0.105 2.81 0.095 1.76 15.7
4 550 5.0 87.7 30.2 328 159 3.78 1450 913 0.517 8.1 18.7 0.074 2.02 1.72 4.51 14.6
5 550 5.5 47.3 30.0 177 ISO 3.40 1444 932 0.293 6.14 17.2 0.073 0.920 1.44 3.34 13.0
« 550 6.0 25.1 30.6 117 195 3.30 1477 961 0.321 10.3 16.5 0.134 1.52 1.17 3.45 12.2
7 550 6.5 14.9 30.4 87.4 256 3.06 1481 971 0.358 8.09 14.2 0.092 1.65 1.82 3.06 12.3
a 550 7.0 8.32 29.3 54.6 252 4.58 147B 971 0.363 1.68 12.5 0.041 1.21 1.53 2.23 11.6
9 400 3.5 511 12.9 713 160 1.63 640 366 0.299 0.064 18.5 0.000 0.000 1.99 3.37 21.110 400 4.0 481 18.5 600 111 3.11 936 550 0.628 0.000 1810 0.000 1.58 0.743 3.24 18.6
11 400 4.5 259 24.9 435 100 4.90 1266 783 0.618 0.293 19.9 0.084 2.99 0.775 2.63 13.7
12 400 5.0 251 24.7 344 162 4.02 1229 757 0.346 10.0 23.3 0.000 0.073 1.13 4.37 14.8
13 400 5.5 299 26.5 271 197 3.25 1297 805 0.468 5.33 23.3 0.072 1.60 2.21 4.41 14.1
14 400 6.0 128 27.3 171 193 2.06 1351 829 0.265 3.30 24.3 0.000 0.000 1.61 3.29 12.5
15 400 6.5 60.6 29.0 120 246 4.09 1418 908 0.264 2.37 19.1 0.040 1.49 1.80 3.07 13.5
16 400 7.0 16.9 27.4 87.5 312 2.58 1465 931 0.285 2.70 10.5 0.041 1.72 1.40 2.33 12.9
17 100 3.5 2358 30.8 240 191 6.90 635 356 0.463 8.94 27.5 0.113 3.02 3.34 8.76 19.1
ie 100 4.0 1980 22.4 175 190 4.68 920 543 0.398 7.36 20.4 0.204 2.32 1.71 4.91 16.3
19 100 4.5 1850 25.0 151 178 5.20 1140 720 0.388 10.5 18.4 0.092 1.27 1.66 3.63 14.3
20 100 5.0 1755 26.1 143 175 5.92 1213 749 0.306 15.1 22.6 0.042 0.465 1.04 3.09 13.4
21 100 5.5 1205 28.1 145 168 5.17 1267 801 0.353 4.27 21.9 0.450 0.114 0.966 1.70 13.922 100 6.0 709 27.4 122 180 4.54 1309 817 0.000 5-83 20.3 0.000 0.000 0.616 0.998 17.4
23 100 6.5 553 27.9 108 197 2.75 1384 906 0.308 5.43 16.6 0.165 2.03 0.376 1.45 19.2
24 100 7.0 262 28.4 95.6 220 5.51 1412 922 0.108 3.02 13.2 0.000 0.000 0.714 0.563 17.0
25 -50 4.5 2514 20.9 142 195 12.1 896 496 0.493 4.00 16.2 0.185 1.96 2.99 5.05 14.5
26 -50 5.0 2839 23.2 112 179 10.1 1021 582 0.648 8.27 21.3 0.209 1.45 1.90 4.78 13.5
27 -SO 5.5 2272 28.2 92.8 172 7.10 1310 821 0.483 21.4 20.7 0.315 0.315 1.23 3.15 12.9
28 -50 6.0 1825 30.6 57.4 184 1.34 1358 867 0.032 1.14 19.3 0.000 0.000 0.909 2.76 16.6
29 -50 6.5 1776 30.9 67.8 205 7.40 1549 992 0.525 0.461 12.1 0.235 2.08 1.01 2.46 14.3
30 -50 7.0 1504 31.6 77.1 225 3.34 1449 935 0.232 0.126 17.0 0.053 0.000 0.853 1.78 15.4
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Appendix Table 7 G. RHjOAc extraetable conatltuenta under different pH/Eh re|iaei in stirred suspensions of Hahaphot soil.
Observation Eh pH Fe Hn Al Si P Ca M| Ho Cu Zn Cd Pb Cr Ni As
1 550 3.5 75.0 226 612 74.6 1.50 1227 591 0.171 1.97 16.6 0.000 0.000 1.99 5.19 20.0
Z 550 4.0 74.5 301 520 67.6 1.74 1630 791 0.534 0.870 23.6 0.000 3.99 0.954 5.44 19.3
3 550 4.5 59.3 359 378 70.9 5.58 1923 954 0.625 0.954 24.2 0.127 5.42 0.201 4.85 16.3
A 550 5.0 45.0 32B 279 110 5.04 1752 365 0.424 12.7 19.0 0.159 2.73 1.52 8.46 14.0
5 550 5.5 34.7 330 221 131 2.88 1741 870 0.453 11.8 25.7 0.185 3.03 1.78 7.58 13.1
6 550 6.0 21.5 353 177 175 4.10 1853 931 0.362 5.68 17.8 0.134 2.36 1.63 6.84 12.5
7 550 6.5 18.1 351 145 229 4.03 1875 945 0.427 3.62 18.3 0.071 3.13 w.36 6.25 12.8
« 550 7.0 S.02 326 131 308 5.33 1966 981 0.420 1.94 17.9 0.113 2.86 1.77 4.41 13.2
9 400 3.5 912 174 706 196 2.96 957 441 0.388 1.32 23.3 0.000 1.40 3.79 5.70 22.4
10 400 4.0 761 230 512 135 3.43 1260 590 0.497 0.212 23.8 0.000 4.03 2.03 5.60 17.9
11 400 4.5 292 305 376 120 4.98 1648 799 0.536 0.740 24.0 0.075 5.28 0.472 5.02 14.8
12 400 5.0 251 306 245 1T4 5.15 1425 680 0.407 7.75 29.1 0.139 3.22 1.74 8.06 12.9
13 400 5.5 211 306 161 i;t 3.38 1631 788 0.350 4.60 22.1 0.042 2.57 1.83 8.42 12.9
14 400 6.0 93.3 307 99.3 180 2.98 1602 775 0.323 3.16 24.3 0.094 2.75 1.49 8.24 12.0
15 400 6.5 56.1 331 94.1 240 4.56 1726 840 0.402 2.69 27.2 0.113 2.58 2.08 7.46 13.2
16 400 7.0 19.8 313 77.8 184 4.86 1768 846 0.400 1.92 13.4 0.095 2.86 1.50 4.00 12.2
17 100 4.0 2691 255 196 249 8.02 1349 634 0.762 4.04 25.2 0.210 6.90 5.09 11.4 15.5
It 100 4.5 2173 278 153 202 6.58 1461 696 0.639 3.57 20.2 0.138 4.84 2.89 6.96 13.5
19 100 5.0 1382 297 136 185 6.95 1572 760 0.544 7.14 21.1 0.160 3.91 1.58 6.82 14.0
20 100 5.5 894 312 130 115 6.11 1711 839 0.437 29.2 21.4 0.235 2.43 1.15 4.66 12.9
21 100 6.0 145 401 135 123 5.46 2110 1068 0.415 0.681 19.3 0.255 2.94 0.734 4.68 14.5
22 100 6.5 109 380 124 155 3.41 2010 1018 0.297 0.484 17.4 0.000 1.25 1.33 3.56 15.6
23 100 7.0 48.2 380 96.2 185 2.81 2000 1025 0.000 1.18 23.2 0.000 0.000 0.784 3.06 16.4
24 -50 4.5 3714 170 133 119 14.9 933 385 0.670 5.08 20.3 0.213 2.11 7.71 12.2 15.1
25 -50 5.0 2760 271 108 131 7.74 1438 656 0.620 26.8 19.4 0.342 2.15 2.76 7.13 13.7
26 -50 5.5 2239 293 83.3 157 1.97 1486 694 0.130 3.25 16.9 0.000 0.000 1.73 4.38 16.6
27 -50 6.0 1945 366 105 212 5.19 1882 902 0.403 1.54 14.9 0.159 1.11 3.90 1.39 15.0
26 -50 6.S 1844 417 97.5 222 9.96 2110 1050 0.610 3.29 31.4 0.396 4.23 0.910 3.46 15.0
29 -50 7.0 967 417 87.0 233 6.46 2210 111 0.415 2.23 18.2 0.240 2.25 0.699 3.29 17.1
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Appendix Table 7 H. NH«OAc extraetable conatituenta under different pH/Eh reginea in atirred auapenaiona of the pre-oxidired Bang Pakong aoil.
Obaervation Eh
(■V)
pH Fe Nn Al Si P Zn Ca HS
<■« **-*>
Ho Cu Cd Pb Cr Hi Aa
1 400 2.0 4731 65.1 380 295 14.4 27.6 299 665 0.524 2.58 0.000 0.000 2.46 4.34 22.7
2 400 2.5 3482 55.9 403 162 18.6 32.1 286 575 0.792 1.47 0.126 2.48 1.91 3.81 21.1
3 400 3.0 3320 70.7 483 128 14.9 25.5 357 731 1.04 1.01 0.418 4.89 1.26 4.42 18.3
4 400 3.5 3385 90.3 474 122 14.0 32.5 452 913 0.957 1.77 0.626 1.04 1.00 4.64 21.0
5 400 4.0 3350 94.2 388 150 13.7 31.1 463 920 0.817 7.08 0.416 3.00 1.83 4.95 17.9
6 400 4.5 3321 99.9 303 225 12.0 33.0 443 932 0.717 10.2 0.256 2.06 1.64 7.40 17.4
7 400 5.0 935 132 153 265 8.24 43.5 5B9 1155 0.460 4.60 0.051 0.281 1.63 9.15 14.0
8 400 5.5 544 144 121 280 7.18 41.1 612 1185 0.532 4.18 0.190 2.79 1.56 9.04 15.3
9 400 6.0 382 163 101 340 5.81 37.3 666 1238 0.255 0.255 0.115 0.370 1.63 8.38 14.0
10 100 3.0 6158 64.0 306 313 28.0 23.6 320 667 1.09 4.80 0.459 6.19 4.16 7.35 19.0
11 100 3.5 5752 70.9 225 243 27.8 24.5 358 727 0.955 5.24 0.423 4.25 3.46 6.54 19.6
12 100 4.0 6121 80.1 186 203 28.8 17.0 393 796 0.983 5.98 0.243 3.12 2.94 6.89 17.4
13 100 4.5 5809 95.2 128 195 21.0 20.1 464 919 0.903 11.5 0.427 1.96 2.05 6.60 17.2
14 100 5.0 6180 107 257 176 23.6 22.6 517 999 1.20 3.23 0.905 4.64 1.43 6.20 19.7
IS 100 5.5 7285 128 170 220 22.7 11.6 589 1140 1.11 1.31 0.697 4.79 0.743 6.49 20.3
16 100 6.0 8307 138 153 237 24.5 17.8 612 1174 1.06 0.881 0.611 3.50 1.42 6.80 19.5
17 100 6.5 4945 204 167 253 7.53 26.9 808 1646 0.518 2.03 0.253 0.000 1.41 6.41 19.6
18 100 7.0 2040 243 190 29B 9.72 22.4 987 2092 0.487 34.5 0.487 0.000 1.34 5.58 14.1
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Appeadie Table 8A, Vertical dletrlbationa of vater-aolnble and eatractable Ca, Hi, R. and Na 
In the Ran anil (-0H) under eariona perloda of aotaaergence•
_________________ Ca______________________  ng__________
Depth 3d 1 2 4 S Id 3d I 2 4 8 16
(na)
 — -— .............................—  --------------------------------- — ----   — --- — — -----Valer-aoInble (ag kg-1)
flurlaee 
water § 0.943 0.056 0.209 — 0.122 0.076 0.103 0.131 0.512 — 0.291 0
0 - .3 196 172 149 113 179 105 258 207 193 138 233 145
.3 - 1 176 143 133 125 159 — 237 191 180 172 211
1 - 1.3 173 161 147 117 148 71.8 231 209 198 164 202 9t
1.5 - 2 165 141 139 137 148 — 230 195 201 194 203
2 - 3 180 137 135 117 141 112 247 196 190 171 201 134
3- 4 160 132 124 116 119 147 220 190 178 169 172 203
4 - 5 186 145 129 973 107 135 256 210 182 144 157 187
5 - 6 208 136 133 95.0 104 129 292 228 169 141 151 180
6 - 7 223 168 125 96.0 105 115 311 244 175 142 152 156
Eatractable (kg kg-lj—
0 - .5 63.7 381 94.4 95.2 109 63.1 75.7 509 106 110 132 84.1
3 - 1 87.9 254 150 106 115 — 108 346 177 129 142 —
1 - 1.5 89.5 249 124 124 136 78.6 113 337 148 155 172 107
1.5 - 2 84.6 200 135 133 126 — 107 263 164 169 159 —
2 - 3 117 173 157 170 177 77.7 152 220 196 217 227 104
3 - 4 103 167 173 198 186 55.2 133 213 219 257 243 76.7
4 - 5 111 133 180 198 199 130 146 164 230 260 161 174
5 - 6 119 91.3 169 222 225 285 155 107 240 289 296 366
6 - 7 124 61.9 210 237 212 378 169 92.8 267 306 282 448
§ a net (&a*
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(Continued).
*________________________   Ka
3d 1 2 4 8 16 3d 1 2 4 8 16
0.014 0.90 0.378 .. 0.286 0.041 0.513 0.414 2.58 — 1.17 1.60
27.0 82.7 131 43.1 124 31.0 168 91.8 264 233 233 259
If.4 33.2 32.3 33.5 32.3 — 142 98.1 229 237 198 —
21.f 34.9 23.3 21.7 28.9 21.6 137 120 243 238 193 228
20.8 19.2 13.8 19.8 21.8 — 191 144 234 233 218 —
21.3 10.7 11.1 13.7 13.2 29.9 237 222 253 237 365 262
lf.0 9.04 11.1 12.7 9.16 34.9 212 280 267 260 352 310
18.7 8.53 9.88 11.0 8.83 22.9 440 372 268 237 351 287
18.8 7.90 9.38 9.73 8.94 15.3 554 448 299 253 350 309
19.1 9.04 8.82 10.8 8.04 10.2 60S SOI 307 246 347 321
trace trace 41.9 trace 33.1 trace 83.6 393 77.6 85.9 94.8 85.1
trace trace 38.1 trace 1.04 trace 69.1 277 112 96.1 70.6 --
trace trace trace trace trace trace 71.2 259 87.8 101 93.3 92.6
trace trace trace trace trace trace 76.2 185 92.6 100 98.8 —
trace trace trace trace trace trace 90.2 118 106 107 158 94.5
trace trace trace trace trace trace 103 135 122 122 167 76.0
trace trace trace trace trace trace 129 73.2 132 126 181 112
trace trace trace trace trace 13.7 152 50.6 140 144 203 157
trace trace trace trace trace 5.97 170 47.1 157 143 206 190
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Appendix Table 8B. V ertical d la tr ib o tio n a  of w ater-aoluble and ea trac tab le  
Ca, Hg, and X in  the Bg a o il (-Ofl) under warioua period* of aubnergence.
_______________Ca_______________________   Mg
Depth
cw 3d 1 2 4 8 16 3d 1 2 4 8




water § 0.189 2.26 2.98 4.19 3.56 4.32 0.330 3.92 8.00 14.6 14.3 18
o - .4 311 445 563 576 — 601 264 512 1022 1580 — 2134
.5 - 1 307 405 — 524 543 725 247 525 ---- 1400 1549 2170
1 - 1.5 331 467 520 550 — 761 254 700 1418 1521 — 1943
1.5 - 2 349 502 564 530 414 699 248 889 1864 1503 1421 1773
2 - 3  ’ 442 505 640 512 560 646 275 1177 2508 1590 1685 1782
3 - d 500 563 553 478 — 678 327 1859 2031 1951 — 1675
4 - 5 699 793 637 555 478 528 506 2306 2348 2123 2078 1372
5 - 6 924 1806 923 471 487 830 830 2574 2355 2014 1941 1209
able . , i ,h  l) —
0 -  .5 396 474 394 359 274 301 291 437 605 849 698 894
5 -  1 513 509 366 363 390 411 366 531 660 866 932 1082
1 -  1.5 588 491 414 349 381 532 405 587 785 852 961 1181
M1in 667 480 417 358 375 521 425 686 905 876 967 1158
2 - 3 716 442 401 438 367 480 414 861 1085 1110 1010 1184
3 - 4 718 354 325 330 344 519 466 1023 1127 1140 1062 1143
4 - 5 689 455 333 383 323 509 677 1165 1092 1281 1223 1151
5 - 6 575 593 429 657 341 577 1013 1282 970 1220 1222 1213
§ ■ nol /da*
397
(Continued).
K    Ka
3d 1 2 4 8 16 3d 1 2 4 8 16
trace 0.81 0.931 0.43 trace trace 1.26 34.5 61.4 94.7 76.5 86.3
0.286 137 264 639 — 19.9 353 3484 6710 8360 — 7015
trace 100 — 63.2 22.5 — 423 3491 — 7414 6613 7686
trace 57.1 292 116 — 25.2 521 4198 6873 7647 — 6949
trace 76.2 286 179 45.2 28.3 631 4748 7837 7283 6212 6383
trace 66.8 254 196 72.8 46.6 1524 5420 8865 7408 6972 6494
trace 12.5 138 270 — 106 2815 6860 6267 7160 - - 6106
trace trace 136 279 337 136 3630 7535 7263 6821 7715 5165
trace trace 67.6 244 358 126 4200 7568 6692 6160 7126 4708
trace 145 141 trace trace trace 179 930 1604 1975 1458 1807
trace 156 213 trace trace trace 225 1165 1650 2067 1689 1832
trace 131 238 32.0 trace trace 270 1232 1760 1995 1659 1999
trace 93.6 275 41.6 trace trace 310 1318 1846 1887 1790 1978
trace 142 339 264 26.3 trace 634 1817 2151 2399 1935 2104
trace 45.0 268 353 167 trace 1169 2050 2275 2135 2110 1972
trace trace 153 384 487 78.2 2187 2263 1947 2244 2364 2012
trace trace 35.9 377 588 141 2946 2449 1725 2211 2358 2075
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A pp+ m di* Tihlc 9A. Vertical iiitrikatlott ef ffitir-Hliblt eatractabla P 
In th« Ana i»U )lMd to llfltrwt p6*a ■■4 inbMrftl at !!•••.
P
Depth
(») 1/2 ■ 1 a 2 • 4 • • ■ Ave.
. .1. 1/2 ■ 2 ■ 4 ■ 0 a A ve.—  W  *0 -J-
0*23 1.04 2.20 1.72 1,03 2.31 4.00 6.70 7.49 7.07
0*75 2* 10 1.02 1.57 1.06 1.03 7.21 10.3 7.24 6.00
1*25 2* 10 2.47 1,93 1.07 2.03 7.23 7.23 0.47 7.13
1,75 1,70 1,62 2.00 2.46 2.00 7.22 0.70 7.01 0.04
2.30 1.03 1.4S 1.92 2.13 — 7.30 0.30 9.73 0.40
3.30 1.19 1.43 1.49 2.09 2.61 4.93 0.96 9.04 0.47
4.30 1.04 1.5* 1.02 1.70 2.39 7.24 9.03 10.6 9.40
5.30 1.R7 1.04 1.44 1.01 2.53 7.00 0.34 10.4 9.93
Avfri|« 1.91 1,10 1.*02 1.99 2,20 1.96 7.17 0.49 0.97 0.07 0*06
0.23 t.Rl 1.20 1.14 1.21 1.26 4.99 7.61 0.25 7.64
0.75 1.53 1.17 0.744 1.29 1.20 4.76 9.00 10.0 7.29
1.25 J.A2 1,05 1.03 1.27 1.33 6.70 0.30 0.40 0.19
1.75 1.4S 1.3* 0.94 1.25 1.30 7.43 0.06 9.30 0.74
2.30 1.31 0.702 1.04 1.29 1.43 6.93 0.47 0.45 7.22
3.50 1.30 1.20 1.04 1.37 1.37 7.56 0.42 9.10 7.94
4.30 1.64 1,14 0.9*4 1.44 1.40 4.79 0.50 9,50 8.04
3*30 1.21 1.21 1.14 1.49 1.40 4.90 7.27 9.77 7.40
Average 1.51 1.17 1.03 1.33 1.43 1.29 7.03 0.23 9.12 7.90 0.34
0.25 1.64 0.733 0.779 1.04 1.35 3.90 7.37 0.42 5.96
0.75 1,10 0,107 0.725 0.044 1.07 3.33 7.06 7.33 6.02
t. 25 1,30 0.027 0,004 0.904 1.09 7.12 6.41 4.70 6.07
1.75 1.32 0.744 0.045 1.02 1.13 4.43 4.7* 4.04 3.83
2.30 0.779 0.947 1.08 1.32 4.70 4.02 7.41 6.20
3.30 1.25 0.721 0.990 1.16 1.23 4.09 0.40 7.54 5.97
4,30 -- 0.835 1.04 1.10 1.24 — 0.44 7.a 6.39
3.30 1.27 0.630 1,14 1.12 1.17 7.03 0.35 7.43 5.93
Avcrot* 1.32 0.019 0.914 1.05 1.20 1.06 4.42 7.30 7.30 6.13 6.93
0.23 1,02 0.001 0.54* 0.030 1.42 4.09 6.03 3.42 4.41
0.75 1.11 0.710 0.617 0.421 0.946 7.26 0.06 7.54 4.40
1.25 1.41 0.900 0.741 0.016 1.00 4.19 7.29 6.22 3.67
1.75 t .40 1.02 0,923 0.943 1.17 6.75 7.70 3.48 4.74
2.30 1.14 0.747 0.043 0.937 1.04 1*32 7.10 4.10 3.22
3.50 1.14 0.0*7 0.043 1.03 1.17 7.73 7.70 4.70 6.37
4.50 1.23 0.070 0.097 1.03 1.20 4.73 0.72 7.1* 3.53
5.50 1.37 1.13 l.Ot 1.05 1.06 6.00 0.41 7.36 6.91
Avcra|« 1.23 0.733 0.000 0.913 1.15 1.01 7.00 7.70 4.33 3.74 4.90
0.23 1.07 1.13 0.3*0 — 0.9*0 6.42 0.00 — 2,01
0.75 0.737 0.7*7 0.432 « 0.03* 7.17 0.11 — 3.22
1.25 1.01 1.05 0.094 - 0.992 7.03 0.03 « 4.35
1.75 1.1* 0,770 0.943 — 1.00 0,21 0,23 — 3.16
2.30 1.32 0.004 0.064 - 1.00 7.42 0,4* — 5.62
3.30 1.25 0.731 0.797 — 0.716 7.77 0,63 — 6*39
4.50 1.27 0.743 0.924 — 0.045 7,03 0.34 — 4.39
3.30 1.40 1.06 0.972 « 0.827 7,11 0.40 — 6.90
Average 1.10 0.770 0.032 — 0.933 0.979 7.41 0.30 — 5.7* 7.24
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